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  Abstract   
 
Planetary rovers have been developed for high-risk missions in difficult terrain situations, including slopes, 
obstacles and soft and hard soil. Locomotion requires traction to provide forward thrust on the ground. In 
soft soil, traction is limited by the mechanical properties of the soil. Therefore, lack of traction and wheel 
slippage cause the rover to have difficulties during its journey. For wheeled rough terrain rovers, the motion 
optimisation is related to minimizing slip. Minimizing wheel slip not only limits odometric error but also 
increases the rover's traction performance. 
 
Metal flexible wheels have been recently proposed as an alternative to the rigid wheels for planetary rovers. 
The metal flexible wheels are able to improve the wheel tractive performance without any extra cost. The 
wheel-terrain contact area of the flexible wheels is increased due to the wheel deformation under the load. 
Therefore, the ground pressure is decreased on soil surface. In return, the sinkage and the compaction 
resistance are reduced and the traction force is increased. Although the flexible wheel concept is already 
proposed for the ExoMars mission, currently there is no analytical study to predict the wheel-soil traction 
performance of the metal flexible wheels. In this thesis, a new wheel traction model is developed to predict 
the tractive performance delivered by the metal flexible wheel by using the geometric model of the wheel in 
deformation. The results from the proposed new analytical model have been compared with experimental 
results from Deutsches Zentrum fuer Luft-und Raumfahrt that were derived as part of the ExoMars study. 
The proposed flexible wheel traction model explains the behaviour of the drawbar pull at high slip ratios 
and  match  with  up  to  14%  deviation  from  experimental  results.  A  very  close  comparison  has  been 
demonstrated between experimental results and  the results from the proposed analytical model. In addition, 
the new flexible traction model can be used in the design of robust control algorithms for minimisation of 
the slippage. This also has been discussed. 
 
Furthermore, the rigid wheel-soil traction performance is studied and a new rigid wheel traction model is 
developed to address problems like slip sinkage (dynamic sinkage) and slip compaction resistance. This  
 
traction model values are also compared to the single wheel testbed results from Deutsches Zentrum fuer 
Luft-und Raumfahrt and close match was demonstrated.  
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Chapter 1 
 
 
1.  Introduction 
 
Nowadays,  mobile  vehicles  are  one  of  the  major  industrial  technologies  which  are  fully  capable  of 
performing tasks (such as climbing slopes, obstacles and operating in soft and hard soil) in both highly 
hostile and unstructured environments. For instance, the heavy construction equipments that utilise either 
tracked or wheeled are developed to manoeuvre machines over varying terrain.  
 
Recently, wheeled and tracked rovers are employed to explore other planets. They quickly became the 
subject of any planetary exploration mission mainly due to their flexibility in selecting targets (Navigation 
cameras provide essential data for planning routes and selecting targets such as rocks and craters) for 
scientific experimentation and sample acquisition during their traverse. 
 
Study of the dynamic relationship between the mobile rover and operating terrain is of major importance in 
this  field.  The  modern  area  of  study  that  addresses  this  field  of  subject  is  called  “Terramechanics”. 
Terramechanics is the study of soil properties, specifically the interaction of wheeled or tracked vehicles on 
various surfaces. The results  of  this  study  are  qualitative and  quantitative  information that  predict  the 
problem of the off-road trafficability of a rover. Trafficability can be defined as a rover’s ability to traverse 
soft soils without loss of traction. It concerns with the interaction problems that occur between terrain and 
wheels.  Trafficabillity problem can cause a mission failure. This type of information is necessary for 
rovers to improve their performance. A main focus in terramechanics is the portion of the terrain that placed 
under a rover and is directly involved in the dynamic interaction with the rover. The mechanical and 
deformation properties of the contact area between the terrain and the rover under both compression and Introduction 
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shear loading enable predicting the complex rover terrain behaviour. This prediction helps mobile robot to 
be highly efficient to move and navigate whilst transporting the payload in the planetary environment. 
 
This chapter provides a brief overview of the concept of mobile planetary exploration rovers and analytical 
models which have been developed to predict their performance during the history of the terramechanics. 
 
1.1. Overview  
 
Recently  Mars  Exploration  Rovers  (MER)  returned  important  scientific  information  from  Mars.  New 
ambitious missions require methods that allow rovers to explore demanding areas with a high level of 
autonomy. These regions are often rough and sloped, surrounding dense rock distributions and covered by 
loose drift material (Bernard and Golombek, 2001). In such environments, planetary rovers are influenced 
by the geometry of the terrain (Bekker, 1969, Wong, 1989). Designing and controlling a rover to explore 
these areas is challenging. In rough terrain, it is necessary for planetary rovers to maintain adequate wheel 
traction since excessive wheel slip could cause a rover to consume unnecessary power. Mission plans must 
consider constraints such as power consumption, wheel slip and vehicle stability.  
 
The interaction of a wheel on loose soil has been investigated in the field of terramechanics. One of the 
aspects of terramechanics is soil mechanics, which deals with the physical and the mechanical properties of 
soils. Terzaghi clarified the essential details of soil mechanics in his books  (Terzaghi, 1943, Terzaghi et al., 
1996). Terzaghi described and classified soil types, as well as predicting soil behaviour under different 
circumstances. Shear strength, bearing capacity and slope stability were also taken into consideration. Shear 
strength measures the resistance of soil particles to movement due to an applied force. The soil strength 
represents  the  capacity  to  carry  loads  and  resistance  to  consolidation.  Terzaghi  provides  guidance  for 
analyzing the static stability of slopes; if the forces available to resist movement are greater than the forces 
that  cause  the  movement,  the  slope  is  considered  stable.  All  these  theories  are  necessary  for  solving 
problems involving the interaction between soil and wheels. Introduction 
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M.G. Bekker is a leading specialist of terramechanics who investigated the soil- wheel interaction models 
(Bekker, 1946). Bekker notably contributed to the design and structure of the Lunar Roving Vehicle used in 
the Apollo missions (Apollo 15, Apollo 16, and Apollo 17) on the Moon (Ishigami, 2008). Bekker’s books 
explain the fundamental aspects of terramechanics (Bekker, 1956, Bekker, 1960, Bekker, 1969).  
 
The wheels which are utilized in the majority of the planetary exploration rovers do not deform due to the 
axle  load  and  thus  are  referred  to  as  “rigid  wheels”.  Al-Hussaini  and  Gilbert  have  investigated  the 
distribution of contact pressures under a rigid wheel while running on a hard terrain (Al-Hussaini and 
Gilbert, 1975).  
 
Drawbar pull (DP) is the difference between the soil thrust H and the motion resistance R (Bekker, 1956, 
Bekker, 1969). Wong and Reece calculated the drawbar pull and vertical force acting on the wheel based on 
the fact that the maximum normal stress is a linear function of the slip (Wong and Reece, 1967a, Wong and 
Preston-Thomas, 1983). Wong is also one of the greatest contributors to terramechanics (Wong, 2001, 
Wong, 2008, Wong and Reece, 1967a). Yong further analysed the distribution of contact pressure beneath a 
rolling rigid wheel (Yong and Fattah, 1976, Yong and Windisch, 1970). Muro and O’Brien have proposed 
empirical  equations  which  provide  guiding  principles  to  predict  the  wheel-soil  interaction  problems. 
However  most  of  the  solutions  need  the  empirical  parameters  which  can  only  be  obtained  through 
experimental tests (Muro and O'Brien, 2004). Jansoi and Hanamoto proposed an analytical model that 
calculates drawbar pull of a tracked vehicle (Janosi and Hanamoto, 1961).  
 
Muro  (Muro  and  O'Brien,  2004)  investigated  the  empirical  methods  to  develop  a  tyre-soil  interaction 
model. Kommandi (Kommandi, 1975) studied the circumferential force of a tyre acting on a concrete 
pavement. Yong, Liu and Wong developed a new analytical process which is based on finite element 
method (Liu and Wong, 1996, Yong et al., 1980b, Yong et al., 1980a, Yong et al., 1978). Fujimoto has 
analysed the driving torque and rolling resistance for a tyre running on a clayey soil (Fujimoto, 1977). 
Forde  has  investigated  the  relationship  between  the  tractive  effort  and  driving  torque  (Forde,  1978). Introduction 
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Gibbesch and Schafer developed a multibody system simulation to model the longitudinal slip of tyres 
(Gibbesch  and  Schafer,  2005).  Favaedi  and  Pechev  developed  a  new    analytical  model  to  predict  the 
tractive performance for metal flexible  wheel (Favaedi and Pechev, 2008a, Favaedi and Pechev, 2008b). 
 
Lately, some researchers have applied terramechanics to planetary exploration in order to estimate the 
wheel-terrain  contact  angle  which  can  be  used  to  control  wheeled  mobile  rovers  (Iagnemma  and 
Dubowsky, 2000, Iagnemma et al., 2002, Iagnemma and Dubowsky, 2004). Shibly et al. proposed and 
verified simplified equations that predict the wheel mobility on loose sand (Shibly et al., 2005). Yoshida 
and Ishigami developed a wheel-soil interaction model which focuses on the slip angle and lateral force of 
the wheel (Yoshida and Ishigami, 2004, Ishigami et al., 2006, Ishigami et al., 2005). 
 
Prediction of online terrain parameters is significant to solve the wheel-soil interaction problems during 
rover traverse. Iagnemma estimated terrain parameters using on board sensors (Iagnemma and Dubowsky, 
2004, Garciano et al., 2006). 
 
1.2.  Motivation and objectives 
 
The surface terrain of Mars is mainly covered with a fine grained loose soil and rock stones. A Mars 
exploration rover is required to operate autonomously in an unknown, unpredictable environment with 
obstacles (e.g. craters, boulders). Designing and controlling a rover to explore these areas is a challenging 
project. One particular concern is that the wheels of the rover can easily slip on loose soil. Excessive wheel 
slip causes a rover to consume unnecessary power due to a wheel losing traction between the wheel and the 
ground. In addition, the slippage can cause a mission to fail. For instance, on February 2004, the wake up 
song for Opportunity was "Slip Sliding Away" due to the slippage experience of the previous day when 
Opportunity first tried to climb up the crater slope at Meridiani Planum. Opportunity slipped and slid in the 
sand and its wheels had a hard time gaining traction on the sandy surface. This indicates that the mobility of 
a rover on sandy terrain depends on the interaction between wheel and terrain. Reducing the wheel slippage Introduction 
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is a main factor in improving the mobility of the rover. Therefore, it is necessary for the planetary rovers to 
maintain adequate wheel traction. 
 
Rovers operating on soft soils must handle much higher resistance compared to rovers operating on hard 
soils due to high sinkage. Therefore, reducing the sinkage is a major part of achieving an optimal tractive 
performance.  Although the latter can be attained by increasing the diameter of the wheel, this approach is 
restricted because of constraints such as vehicle dimensions and power consumption. Increasing the length 
of the contact patch without raising the dimensions of the wheel is another approach that can be used to 
improve the tractive performance. Flexible wheels including pneumatic tyres and metal flexible wheels are 
such alternatives that provide a larger contact patch area. Risk of employing pneumatic tyres, however, is 
considered very high in robotic missions. Thus, the flexible metal wheels are the only alternative that 
provides an increase in the length of the contact patch due to the decrease in ground pressure on soil 
surface. The flexible wheels have less sinkage than rigid wheels; this is due to an increase in the length of 
the contact patch area. Therefore they have less ground pressure than rigid wheels. In return, compaction 
resistance is reduced and the traction force is increased. Also, empirical study by Rover-Team showed a 
flexible wheel has a lower total rolling resistance than a rigid wheel of the same dimensions on soil surfaces 
(Rover-Team, 2004). 
 
The flexible metal wheels design is already proposed for the ExoMars mission; however, there is currently 
no analytical study to predict the wheel-soil traction performance of the metal flexible wheels. In this study, 
a new flexible wheel traction model (FTM) is proposed to predict the tractive performance delivered by the 
metal flexible wheel. The proposed model uses the geometric model of the wheel in deformation. 
 
Rigid  wheels  for  planetary  rovers  have  been  widely  studied,  developed  and  operated  in  the  past  and 
important theories have been established. However, there are still unsolved problems which need to be 
addressed  such  as  slip  sinkage  (dynamic  sinkage)  and  slip  compaction  resistance.  To  address  these 
problems, a rigid wheel traction model (RTM) is developed in this research. These wheel-soil traction Introduction 
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models (FTM and RTM) can be used in the design of robust control algorithms for minimisation of the 
slippage.  
 
1.3. Achievements of this research 
 
The contributions of this research can be divided into three categories. 
 
I.  Developing  a new  rigid wheels traction model (RTM) to predict tractive performance of rigid 
wheels  
 
II.  Developing a new flexible wheels traction model (FTM) to predict tractive performance of metal 
flexible wheels  
 
III.  A new slippage control methodology  
 
As mentioned earlier, there are a number of studies on rigid wheel traction models. However, most are 
focused on static characteristics of wheel sinkage and compaction resistance. There are few studies that 
investigate  the  dynamic  characteristics  of  the  wheel  sinkage  and  compaction  resistance  on  loose  soil 
(Richter et al., 2006b, Ishigami, 2008). These could not illustrate the behaviour of the dynamic sinkage and 
the slip compaction resistance at high slip ratios.  The wheel dynamic characteristics are essential to predict 
the motion behaviour of a rover. The rigid wheel traction model is developed (RTM) which includes the 
wheel dynamic sinkage model and the slip compaction resistance model. RTM model results illustrate the 
behaviour of the tractive performance of the rigid wheels at high slip ratios. 
 
The primary goal of this study is to propose and evaluate an analytical model which can model the dynamic 
motion of the metal flexible wheel on the sandy surface of Mars. Currently there is no analytical study to 
predict the wheel-soil traction performance of the metal flexible wheels. The proposed analytical model is 
based on the terramechanics approach. The contribution is the development of a flexible wheel-soil traction Introduction 
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model  (FTM)  which  is  an  extension  to  the  Bekker  theory  for  flexible  wheels  to  predict  the  tractive 
performance for a metal flexible wheel by using the geometric model of the wheel in deformation. The key 
elements  of  the  model  are  to  obtain  wheel  ground  contact  angles  and  ground  pressure  distribution. 
Subsequently,  soil  static  and  dynamic  sinkage  models,  motion  resistance  including  the  additional  slip 
compaction  resistance  models  are  developed  to  predict  the  dynamic  motion  behaviour  of  the  rover. 
Afterwards drawbar pull and the overall performance of the rover are also calculated. 
 
To evaluate the proposed models, the results from RTM and FTM models are compared to the single wheel 
testbed (SWT) results from DLR (Deutsches Zentrum fuer Luft-und Raumfahrt). A close comparison has 
been demonstrated between the experimental results and  the proposed analytical results. 
 
In addition, a slip control methodology is developed in order to limit the reaction time of the wheel control 
software.  The  wheel  control  software  can  be  used  to  predict  and  minimise  the  slip.  In  the  control 
methodology,  soil  database  from  previous  Mars  exploration  rovers  is  used  and  the  flexible  wheel 
deformation for each soil type is calculated and is saved in the corresponding database. Consequently, when 
the rover moves over terrain of varying soil characteristics in our simulation environment, the deformation 
of the wheel can be used in the estimation of the soil type.  
 
Planetary rovers accrue odometric error during slippage. Odometric error distorts localization precision 
after long-distance movement. Localization is the accurate estimation of rover's current position and is 
critical for map building. Minimizing wheel slip not only limits odometric error but also increases the 
rover's  traction  performance.  For  wheeled  rough  terrain  rovers,  the  motion  optimisation  is  related  to 
minimizing slip. A key parameter in predicting the slip is the contact angles between the wheel and the 
ground. The tractive performance of the wheel is predicted by knowing the entry contact angle. Therefore, 
the slippage can be controlled by reducing the velocity of the wheel.  However physical measurement of 
these  angles  is  difficult  in  practice. Therefore, the  flexible  wheel traction  model and the rigid  wheels Introduction 
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traction model are used to calculate the contact angles and the tractive performance of the wheel in order to 
predict and minimise slippage.  
1.4. Structure of thesis 
 
This thesis consists of 7 chapters. 
 
Chapter 1 provides an overview of the field of terramechanics and explains the undertaken development of 
wheel-terrain traction models and their shortcomings. 
  
Chapter 2 describes the background of this research. Relevant concepts to soil mechanics are explained. A 
literature review of previous theoretical and experimental wheel-terrain interaction models is also reported.  
 
Chapter 3 reviews the classic rigid wheel traction model on Mars sandy surface and addresses unresolved 
problems of the rigid wheel soil interaction model such as the slip compaction resistance, the adhesion 
height and the dynamic sinkage. These approaches lead to development of a rigid wheel traction model. 
 
Chapter 4 details an analytical model that predicts the tractive performance for a metal flexible wheel by 
using the geometric model of the wheel in deformation. Subsequently, soil sinkage, motion resistance, 
drawbar pull and the overall performance of the wheel have been analyzed from the proposed flexible 
wheel  traction  model.  Moreover,  the  slip  sinkage  and  additional  slip  compaction  resistance  are  also 
modelled in FTM model. 
 
Chapter 5 evaluates the proposed traction models for the rigid and the flexible wheels. The models have 
gone through several stages of validation, with regards to measurements conducted on single wheels and on 
complete vehicles under controlled conditions in testbed and the simulation software.  
 Introduction 
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Chapter 6 describes the proposed slip control methodology which aims at limiting the reaction time to 
predict and minimise the probability of slip. The control is conducted based on a feedback control which 
employs the proposed FTM, RTM models and terrain database. 
 
Chapter 7 concludes this thesis with a summary and future research direction. Literature review and background 
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Chapter 2 
 
 
2.  Literature review and background 
 
This research focuses on the relationship between a wheel and the ground. Any rational investigation of this 
relationship unavoidably directs to a learning of the mechanics of the terrain and of the vehicle itself. This 
chapter reviews the fundamental concepts behind the interaction of a wheel on loose soil. The chapter 
reviews the background of soil mechanics which deals with wheel -soil interaction models.  It describes the 
previous  theoretical  and  experimental  wheel-terrain  interaction  models  which  have  been  developed  by 
scientists in this field. The concepts of these theories have been used in the development of the wheel-soil 
interaction models in this thesis.  
 
When a load is applied to the terrain surface and it exceeds a certain limit, small increase of stress beyond 
this limit produces the rapid strain which constitutes plastic flow. The state that precedes plastic flow is 
usually referred to as plastic flow equilibrium. The transition from the state of plastic equilibrium to that of 
plastic flow represents the failure of the mass. The stability problems deal with the situation for stability of 
ideal soils instantly proceeding ultimate failure by plastic flow. Therefore, soil stability is the ability of soil 
to resist deformation. The problem can be solved by considering the minimum pressure applied by a mass 
of soil on a lateral support and the final resistance of the soil against external forces, such as the vertical 
pressure exerted on the soil by a loaded footing. The solution achieved will conclude the secure vehicle 
loads or bearing capacity of the soil under vehicle action. Most of the weak terrains cannot maintain the 
loads  of  modern  vehicles  without  failing  through  plastic  flow  and  without  undergoing  extensive 
deformations. Under these conditions, the plasticity problem becomes a natural extension of the elasticity 
problem. Elasticity problems deal with the deformation of the soil due its own weight or due to external Literature review and background 
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forces such as the weight of vehicles. Knowing the relationship between stress and strain can lead to a 
solution. 
 
2.1. Horizontal stress- strain relationships 
 
When a soil mass is acted upon by external forces then every point in a soil mass will be subjected to a 
complex stress. The complex stress has both a normal and a tangential component.  A plane that is acted 
upon by a normal stress only is known as the principle plane where there is no tangential or shear stress. 
There are three principle planes in a stressed mass that are mutually orthogonal. They are called major, 
intermediate  and  minor  principal  planes.  Principal  stresses  are  those  stresses  that  act  on  the  principal 
surface. On the other hand, the principal stresses are the components of the normal stress tensor when the 
basis is changed in such a way that the shear stress components become zero. The largest principle stress is 
known as the major principle stress and acts on the major principal plane. In the same way, the intermediate 
principal stress acts on the intermediate principle plane while, the smallest principal stress called minor 
principal stress and act on the minor principal plane. Critical stress values generally occur on the two planes 
normal  to the intermediate  therefore,  the  effects  of  the intermediate stress  can  be  ignored  and  a two-
dimensional solution is possible (Smith, 1990). 
 
Figure    2-1  illustrates  major  and  minor  principal  planes  acted  upon  by  a  major  and  a  minor  principal 
stresses.  According  to  the  principles  of  mechanics  the  normal  stress  and  shearing  stress  on  plane  are 
inclined at angle α  to the plane of the major principle stress and are perpendicular to the plane of the 
intermediate principle stress. Furthermore, the stresses on any plane inclined at an angle to the direction of 
the major principle plane can be calculated from principal stresses.  
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Figure   2-1: Major and minor principal stresses  
(Smith, 1990) 
 
There are a number of criteria proposed for the failure of soils and other materials. A common one is known 
as the Mohr-Coulomb failure criterion. It assumes that the material at a point will fail if the shear stress at 
that point suits the following condition.  
 
tan c τ σ φ = +                Equation   2-1 
 
Whereτ is the shear strength of the material, cis the cohesion of the material, σ  is the normal stress on the 
sheared surface and φ  is the internal friction angle of the material. This relationship was known in soil 
mechanics since (Coulomb, 1773). The equation determines the condition of failure by plastic flow, which 
is a critical combination of shearing and normal stress.  
 
Shear  strength  of  frictional  material  such  as  dry  sand  increases  with  an  increase  of  the  normal  load. 
Particles of frictional masses can be held together only when the normal pressure exists between them. 
However the shear strength of cohesive material such as clay does not depend on the normal load and 
cohesion links cements particles together (Wong, 2008). Most of the trafficable Earth surface usually has 
both cohesive and frictional  properties. Therefore,  both conditions  are considered in  the tractive  force 
equation. Literature review and background 
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Mohr circle of stress shows the meaning of the Mohr-Coulomb criterion. In order to draw a Mohr circle 
diagram a specific principle must be followed; all the normal stresses being plotted along the horizontal 
axis OX while the shear stresses are plotted along vertical axis OY, but the diagram is sometimes rotated to 
give correct the orientation. Mohr circle convention also assumes that the direction of the major principal 
plane is parallel to axis OX and the direction of major principal stress is parallel to axis OY. Therefore, to 
draw the diagram, the magnitudes of the major and minor principal stresses are placed along the axis OX. 
Finally, the diameter of circle equals to the difference between major and minor principle stresses as shown 
in Figure   2-2. 
 
                
 
Figure   2-2: Mohr circle diagram 
(Smith, 1990) 
 
OE and DE represent the normal and shear stress components of the complex stress acting on plane AD, 
then from the triangle of forces ODE it can be seen that the line OD represents complex stress, while the 
angle DOB represents the angle of obliquityθ  of the resultant stress on plane AD. Shearing resistance 
reaches to its maximum value when the angle of obliquity equals its limiting valueφ . In this situation the 
line OD is a tangent to the stress circle, inclined at angle φ  to axis OX (Smith, 1990). 
 
The circle which satisfies the condition of equilibrium implicit in Mohr’s theory is one which is tangent to 
the line  tan c τ σ φ = +  and is known as the circle of stress. Furthermore, no point of the corresponding Literature review and background 
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circle may be located beyond the lines tan c τ σ φ ± = + . These lines include the Mohr strength envelope 
for the material.  
 
 
 
Figure   2-3: Relation between angles α and φ  
(Bekker, 1956) 
 
From Figure   2-3, it may be seen that for any failure circle: 
 
 2 90 α φ = +
￿                 Equation   2-2 
45 / 2 α φ = +
￿  
 
Therefore,  max τ  will be reached at the angle of 45 / 2 α φ = +
￿ . 
Since α  is the angle enclosed between the principal stress  1 σ and the normal stressσ , which produced 
shear in given plane, it follows that the slip line caused by  max τ is sloped to the major principal stress at an 
angle of45 / 2 φ −
￿ . A similar angle related to the minor principal stress 111 σ  equals45 / 2 φ +
￿ . The value 
( )
2 tan 45 / 2 φ +
￿  is represented  Nφ  which is called the flow value. The relationship between major and 
minor principal stresses is expressed by (Bekker, 1956): 
 
2
1 111 2 tan(45 / 2) tan (45 / 2) c σ φ σ φ = + + +
￿ ￿       Equation   2-3 
 
The compression and the expansion of the soil caused plastic flow; these two states of stress prior to plastic 
flow are often referred to as the Rankine passive and active state, respectively. To illustrate these stresses, Literature review and background 
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lateral forces are applied to an imaginary prism of soil with unit weightγ . The prism may be set into a state 
of plastic equilibrium by stretching or compressing in the horizontal direction.  
 
 If the lateral forces are compressed, failure will occur; in such a case it is called the passive failure because 
the forces were passively resisted by the weight of the soil. If the lateral forces that hold the mass of the 
prism in equilibrium are stretched, then the weight of the prism will help the plastic flow; this case is 
named the active failure which relates to soil expansion. Both types of soil failure may be analyzed more 
closely by means of Mohr’s circle. A prism of soil having depth  z  and width equal to unit is in the state of 
plastic  equilibrium.  Since  there  can  be  no  shearing  stress  along  the  walls  of  this  prism,  the  vertical 
pressure z σ γ = acting on the bottom and lateral pressures are the principal stresses.  
 
For a cohesionless mass, the condition of failure is given by equation  tan τ σ φ =  and is represented by 
two lines passing through the beginning of τ  and σ  coordinates. Mohr’s circle must pass through point B 
determined by one of the principal stresses z σ γ = . Two possible solutions may be contemplated according 
to whether the assumption  z γ  is the major or minor principle stress. If  z γ is the major principal stress, 
then the lateral forces are due to expansion or active failure a σ  of the soil mass. If  z γ is the minor principle 
stress,  then  the  lateral  stresses  become  automatically  the  major  stresses  and  are  to  be  related  to  the 
compression or passive Earth pressure p σ  (Bekker, 1956).  
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Figure   2-4: Active and passive failure of soil 
(Wong, 2008) 
 
For an ideally plastic mass( ) 0 φ = , Mohr’s circle will be tangent to two parallel lines and c τ = .  As shown 
in Figure   2-4 the active Earth pressure  a σ  acting upon a vertical section of purely frictional soil mass at 
depth z is (Bekker, 1956): 
 
( )
2 tan 45 / 2 a z σ γ φ = −
￿             Equation   2-4 
 
( ) ( )
2
2
1
tan 45 / 2
tan 45 / 2
Nφ φ
φ
= + =
−
￿
￿         Equation   2-5 
 
a
z
Nφ
γ
σ =                 Equation   2-6 
 
This equation indicates that the ratio of the horizontal and vertical pressure of a semi-infinite soil mass is 
independent of depth. 
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The passive Earth pressure existing at the moment of failure due to the compression might be determined 
from Mohr’s circle in a similar way (Bekker, 1956). 
 
   ( )
2 tan 45 / 2 p z zNφ σ γ φ γ = + =
￿           Equation   2-7 
 
The explained situation of the stresses preceding the plastic flow caused by compression, or the expansion 
of  soil  in  the  direction  parallel  to  the  ground  surface,  are  called  passive  or  active  Rankine  states, 
respectively. If the soil surface is loaded with an ideally flexible load which called surchargeq, then the 
pressure  z σ  at depth z is (Bekker, 1956): 
 
z q z σ γ = +                 Equation   2-8 
 
z
q
z σ γ
γ
 
= +  
 
              Equation   2-9 
 
According to Equation 2-6 and Equation 2-7, since  a
z
Nφ
γ
σ =  and  p zNφ σ γ = , 
 
a
q
z
Nφ
γ
σ
γ
 
= +  
 
              Equation   2-10 
 
p
q
N z φ σ γ
γ
 
= +  
 
              Equation   2-11 
 
The above equations refer to a cohesionless mass. If both cohesion and friction are assumed, then the lines 
tangent to Mohr’s circles will correspond to the equation tan c τ σ φ = + . The soil compression is the major 
problem of vehicles. Thus, the case of compression  p σ  is the major principal stress, where  z γ is the minor Literature review and background 
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one. The pervious relationship between minor and major principal stresses can be used by substituting  p σ  
for  1 σ and  z γ for 111 σ  in Equation 2-3(Bekker, 1956): 
 
( ) ( )
2 2 tan 45 / 2 tan 45 / 2
2
p
p
c z
c N zN φ φ
σ φ γ φ
σ γ
= + + +
= +
￿ ￿
      Equation   2-12 
 
By taking to account the surcharge qthe passive and active pressures are expressed by (Bekker, 1956): 
 
2
a
z c
N N φ φ
γ
σ = −               Equation   2-13 
 
2 p qN c N zN φ φ φ σ γ = + +             Equation   2-14 
 
2.1.1 .  Earth pressure on retaining walls 
 
In the presence of friction and adhesion between the blade and soil Equation 2-14 can no longer be used to 
predict the passive Earth pressure. As a result, the normal passive Earth pressure acting on the vertical wall 
may be written by following (Bekker, 1956, Wong, 2008). 
 
pn q c qK cK zKγ σ γ = + +               Equation   2-15 
 
Where q K , c K   and  Kγ are  constants  and  are  called  bearing  capacity  factor  (Terzaghi,  1943,  McKyes, 
1985). These factors are a function of the angle of the internal shearing resistance of the soil and the friction 
between soil and the blade. Bearing capacity is the capacity of soil to support the loads applied to the 
ground. The bearing capacity of soil is the maximum average contact pressure between the foundation and 
the soil which should not produce shear failure in the soil. 
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2.2. Vertical stress-strain relationships 
 
The vertical stress-strain relationships can be described by load–sinkage equation. Load-sinkage equation is 
proposed by Russian investigators Bernstein-Goriatchkin for various loading surfaces (Bernstein, 1913, 
Goryachkin, 1936). 
 
If an area is forced into the ground with a uniformly distributed load then the relationship between the 
sinkage  Z and pressure  p will be found as shown in Figure   2-5. This load-sinkage equation which has 
been in use for decades takes the following form (Terzaghi, 1943, Bekker, 1956, Bekker, 1960, Guskov, 
1977, Bekker, 1969). 
 
n p KZ =                  Equation   2-16 
 
Where K  is the modulus of soil deformation and nis the exponent of deformation. n is independent of the 
dimension and the shape of loading area, while the K  value is a function of the size of contact area. 
 
 
Figure   2-5: Load-sinkage curve 
(Terzaghi, 1943) 
 
K cannot be easily used as a modulus of soil deformation because it is dependent to the contact area. 
Bekker attempted to overcome this difficulty by introducing the following experiential constants (Bekker, 
1956).  
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n c
s
k
p k Z
B
φ
 
= +  
 
              Equation   2-17 
Where,  s B  is the smaller dimension of the loading area; for small sinkage, mainly if the wheel is very wide, 
the contact length of the wheel perimeter, which is compacting soil may be smaller than its widthB . 
Therefore, for small sinkage, contact length should be used instead of width in above equation. Only for 
high sinkage the width of the wheel become the smaller dimension of the contact area (Bekker, 1956, 
Wong, 2008).   
 
The deformation parameters  c k  and  kφ  remain constant, irrespective of the size of the track or wheel and 
become true module of deformation. This is true only in homogeneous terrain as far as the “size effect” is 
concerned. Fortunately, the loading areas of the largest vehicles hardly ever affect soil depth below 60-90 
cm. Up to such depth natural may be considered homogeneous. These are empirical constants related to the 
shear along the edges of a wheel root and to the compression of the area (Bekker, 1956). 
 
By  knowing  the  vertical  and  horizontal  stress-strain  relationships  on  the  load  area,  the  soil-  wheel 
interaction model can be discussed. 
 
2.3. Mechanics of wheel-terrain interaction 
 
There are four scenarios of a wheel, as much as the materials properties of both the wheel and the road are 
concerned (Bekker, 1960).  
1.  a rigid wheel to a  rigid surface 
2.  a rigid wheel to an elastic or a plastic surface 
3.  a flexible wheel to a  rigid surface 
4.  a flexible wheel to an elastic or a plastic surface 
The first situation refers theoretically to an ideally rigid wheel which runs on an entirely rigid surface, 
where no deformations of material happen and is the ideal case of locomotion in which no resistance is Literature review and background 
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encountered. The practical case of this situation is a steel wheel and railroad. The second situation is 
associated to the movement of a rigid wheel upon an elastic or plastic surface. The practical case of this 
scenario is a steel wheel and a rubber track or soft soil. The third situation can be seen in the action of an 
automobile tyre or a metal flexible wheel which runs on a concrete pavement and the fourth case is while 
the metal flexible or rubber tyre rolling on a soft soil. 
 
The  main  concerns  of  this  study  are  rigid  and  flexible  wheels  running  upon  soft  soil.  Therefore,  the 
mechanics of a rigid and flexible wheel on a rigid surface will not be further discussed. 
 
2.3.1. Rigid wheel- traction  
 
The physical characteristics of an environment such as soil properties are major key to select the form of a 
moving wheel. Soils, like most solid materials, fail in tension or in shear. Tensile stresses may cause the 
opening of fractures. However, as far as the vehicles are concerned, only the resistance to failure by shear 
needs consideration. Soil shear failure begins when a critical mixture of shearing and normal stresses is 
reached. A vehicle develops horizontal and vertical forces when moving on the off-road terrain. Horizontal 
forces are produced by the shearing strength of soil while the vehicle is loaded with the vertical force 
wknown as the weight of the vehicle. The horizontal force  H is called the gross tractive effort or soil 
thrust. Shearing of soil occurs along the contact area between the wheel and ground. If the ground is plastic 
such as wet clay, the maximum gross tractive effort for the wheel is measured by (Bekker, 1956): 
H Ac =                 Equation   2-18 
 
Where  Ais the contact patch area and cis the soil cohesion. 
 
However if the wheel is moving on a frictional mass of soil, such as dry sand, the situation is different. 
Sand grains are lose and not held together by any kind of cohesive force. By applying a load the grains are 
pushed against each other, as a result friction develops between them and they cannot move. This process Literature review and background 
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causes resistance. Therefore, if the sand enclosed between wheel grousers is sheared against stationary sand 
mass, a tractive force H for them according to Coulomb’s law of friction is (Bekker, 1956): 
 
tan H w φ =                 Equation   2-19 
 
The internal friction angle can be any value from 0
￿ up to 20
￿ for clays and for loose dry sand, any value up 
to  35
￿or more is possible. Generally, the soils are neither wholly plastic nor purely frictional; they are 
mixed of both sorts of granular masses. Therefore, the tractive force for most of the soils is determined by 
(Bekker, 1956): 
 
tan H Ac w φ = +               Equation   2-20 
 
The  above  equation  expresses  the  fundamental  relationship  between  soil  and  a  wheel.  According  to 
Coulomb’s equation the maximum shearing strength τ  of a soil under corresponding unit pressure  p will 
be determined for 
w
p
A
=  and
H
A
τ = , thus: 
 
max tan c p τ φ = +               Equation   2-21 
 
Equation 2-21 illustrates the maximum strength is based on the Coulomb-Mohr criterion of failure, when 
slippage  s  is at its maximum value 100% (Bekker, 1956, Wong, 2001). The slippage will be discussed 
later in equation 2-23. 
 
The determination of thrust-slip characteristics of a wheel was introduced by (Micklethwaite, 1944, Bekker, 
1946). Bekker suggested a following equation to describe the relationship between shear stress and Slip 
(Bekker, 1960). 
 
( ) { }
2 2
2 2 1 2 2 1
max
tan
exp( 1) exp( 1)
c p
k k k d k k k d
y
φ
τ
  +
= − + − − − − −  
 
  Equation   2-22 
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Where  1 k  and  2 k  are slip parameters and  max y is the maximum value of the function enclosed between 
brackets{ }. Value of soil deformation  d  (d sx = ) may be expressed as product of slippage  s  and 
distance x  measured from initial contact between the wheel and soil. 
  
The definition of slip follows the standard formula  
 
1
a
t
v
s
v
= −                 Equation   2-23 
 
Where  a v  is the actual wheel speed and  t v is the theoretical one resulting from the number of revolutions 
and radius of the wheel. Therefore, in order to find soil thrust  H as a function of wheel slip, the unit shear 
strength produced at a known point of the terrain contact area has to be integrated over the whole contact 
length of this area and will be: 
 
0
l
H B dx τ = ∫                 Equation   2-24 
 
Where  B is the width of the wheel contact area. Constant soil properties  1 k  and  2 k are two additional 
parameters of soil. Upon integration over the entire contact length, the whole soil thrust will equal (Bekker, 
1956): 
 
( )
2
2 2 1
2
2 2
2
1 max 2 2 1
2
2 2
1 exp( 1)
1) tan
1 exp( 1)
1)
k k k sl
k k B c p
H
k sy k k k sl
k k
φ
  − − − −
 
  − − −   +
=    
    + − + −
+  
  − + −  
    Equation   2-25 
 
The  above  equation  shows  the  soil  thrust  is  not  constant  along  the  ground  contact  area,  even  with 
assumption of a uniform pressure distribution p . It increases from zero at the front section of area up to a 
certain maximum and then falls or stays even depending the soil constants  1 k  and 2 k . This can be described Literature review and background 
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by the statement that the forward portion of the wheel, which is just engaged the soil did not have enough 
time to shear it. Thus only portions which stay in contact with ground for some time produce sufficient 
shear. 
 
Janosi and Hanamoto proposed another equation to define the shear stress. This equation is one of the main 
equations which are used in the wheel-soil traction models. The shear stress was predicted by knowing the 
maximum  shear  stress,  soil  deformation  modulus  and  soil  shear  displacement.  This  equation  will  be 
discussed in details in Chapter 3. In addition, this equation is used to calculate the drawbar pull which will 
be discussed in chapter 3 and Figure   3-23. 
 
 
( )
/
max 1
j k e τ τ
− = −               Equation   2-26 
 
Where  k  is a soil deformation modulus and  j  is soil shear displacement. The maximum shear stress is 
calculated according to the Mohr-Colomb equation (Equation 2-21).  
 
(Wismer and Luth, 1973) proposed an equation for traction based on the cone index. 
 
( )
0.3 0.75 1
N C s H
e
w
− = −              Equation   2-27 
Cone index is an index of soil shear strength. Cone index can be found by cone penetrometer. The cone 
index value is the average of pressure readings taken at specified depths of penetration of the base of the 
cone  into  the  soil  (Priddy  and  Willoughby,  2006).  The  other  researchers  suggested  similar  empirical 
equation for traction (Gee-Clough, 1980, Dwyer et al., 1974). However, these also depend on cone index 
which  is  an  insufficient  factor  to  determine  soil  strength  for  wheel-soil  traction  model  due  to  cone 
penetrometer do not take the surface effect such as soil cohesion into consideration (Godbole et al., 1993). 
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Wittig suggested that using a single bed tester instead of the cone penetrometer. An empirical equation was 
derived by applying the different normal loads to a single wheel tester (Wittig, 1990). This equation does 
not directly take the soil properties into consideration. As will be discussed in Chapter 3 the soil parameters 
are important factors to calculate the soil thrust. 
 
( ) 1
b s H
a e
w
′ − ′ = −               Equation   2-28 
 
Where a′ and b′ are empirical constants.  
 
Godbole suggested the following equation (Godbole et al., 1993). The equation predicts the soil thrust more 
accurately  than  other  methods.  The  equation  is  based  on  the  soil  deformation  modulus.  The  soil 
deformation modulus is used in the current soil thrust equations which are explained in Chapter 3. 
 
( ) ( )
1 1
tan 1 1
n s H A c e
ns
σ φ
−   = + + −    
         Equation   2-29 
 
Where  1
1
n
k
=   , k  is the soil deformation modulus, σ  is normal stress and s  is slip.  
All  above  equations  which  predicted  the  soil  thrust  assume  a  uniform  distribution  of  normal  stress; 
however, the normal stress distribution along the contact area of the wheel and terrain is not uniform. The 
distribution of normal stress along contact area of the wheels is discussed in the chapter 3 and chapter 4.  
 
2.3.2. Flexible tyre-traction 
 
Flexible wheels include pneumatic tyres and metal wheels. There is currently no analytical study to predict 
the wheel-soil traction performance of the metal flexible wheels. This section reviews a most common 
theory that predicts the contact area of a pneumatic tyre. 
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The mechanical properties of the soil, the form and the size of the loading area and the degree of tyre 
elasticity are the main factors in traction performance for flexible tyre on a soft ground. The ground contact 
area increases with increasing deflection until the deflection is a reasonable deflection. Consequently the 
vertical soil stress decreases proportionally with decrease in ground contact pressure. Thus the decrease in 
the pressure is the advantage of tyres on soft ground. McKibben has illustrated that a pneumatic tyre only 
shapes flatter and larger contact surface than a rigid wheel of the same diameter and has a curvature larger 
than the tyre radius (McKibben and Hull, 1940). Bekker suggested replacing the flat elastic tyre surface by 
the rigid arc of a larger wheel; therefore, the problem would be reduced to find the diameter 
* D  of the 
pretend rigid wheel which would replace the real tyre diameterD(Bekker, 1956). As Figure   2-6 illustrates 
Lach applied this method and achieved the following equation  for contact length (Lach, 1997, Harnisch 
and Lach, 2002b).  
 
 
 
Figure   2-6: Pneumatic tyre contact contour 
(Lach, 1997) 
 
( )
* *
0 0 L Z D Z = −               Equation   2-30 
 
Where, 
* D  is the pretended rigid wheel diameter,  0 Z  is maximum sinkage. 
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2.4. Summary 
 
This chapter reviewed the fundamental characteristics of soil mechanics which are related to wheel-soil 
interaction. The concepts of these relationships, such as soil shear strength, soil passive pressure, normal 
stress, penetration have been used in the development of the wheel-soil interaction models in this thesis. 
Despite all of the efforts that have been put into predicting the tractive performance of the rigid wheel, there 
are  still  many  unresolved  problems,  which  need  to  be  addressed.  The  rigid  wheel-soil  traction  model 
proposed in Chapter 3 deals with these problems such as additional slip compaction resistance and the 
dynamic sinkage. The wheel dynamic characteristics are essential to predict the motion behaviour of a 
rover.  The  previous  theoretical  and  experimental  wheel-terrain  interaction  models  which  have  been 
developed by scientists have been used in the development of the rigid wheel-soil interaction model in 
Chapter 3.  
 
The primary goal of this study is to propose an analytical model which can model the dynamic motion of 
the metal flexible wheel on the sandy surface of Mars. The proposed analytical model is based on the 
terramechanics approach.  Flexible wheel-soil traction model is an extension to the Bekker theory and the 
rigid wheel-soil interaction model. The flexible wheel-soil interaction model will be discussed in Chapter 4. 
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Chapter 3 
 
 
3.  Prediction of tractive performance for rigid wheels 
 
Planetary exploration missions are required to navigate through rough-terrain. Wheel-terrain interaction 
plays a critical role in rough-terrain rover mobility. Rigid wheels have been used in most planetary rovers. 
Furthermore, the pneumatic tyres or the flexible wheels may behave like a rigid wheel in extremely soft 
terrain. In this chapter, a wheel-terrain traction model for rigid wheels is studied and an analytical model is 
presented and evaluated. 
 
One of the earlier methods to predict the tractive performance of a rigid wheel is proposed by Bekker in the 
1950s.  Wong predicted the tractive performance of the rigid wheels by taking into account the distribution 
of  the  contact  pressure  in  the  contact  patch  (Wong  and  Reece,  1967a).  They  also  proposed  that  the 
application point of the maximum normal stress that develops on a sandy surface can be expressed as a 
linear function of the slip ratio. 
 
 Despite all of the efforts that have been put into predicting the tractive performance of the rigid wheel, 
there are still many unresolved problems, which need to be addressed. The rigid wheel-soil traction model 
(RTM) proposed in this chapter deals with these problems such as additional slip compaction resistance and 
the dynamic sinkage. This chapter starts with a review of the mechanisms of rigid wheel-terrain interaction 
and the theory behind them. Then, the proposed RTM is explained in detail. 
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3.1. Research methodology  
 
There are a number of studies on rigid wheel traction models (Bekker, 1956, Wong and Reece, 1967b, 
Wong,  2001,  Apostolopoulos,  2001,  Shibly  et  al.,  2005).  However,  most  are  focused  on  static 
characteristics of the wheel sinkage and the compaction resistance. There are few studies that investigate 
the dynamic characteristics of the wheel sinkage and the compaction resistance on loose soil (Richter et al., 
2006b,  Ishigami,  2008). These  could  not  illustrate  the  behaviour  of  the  dynamic  sinkage  and  the  slip 
compaction resistance at high slip ratios.  The wheel dynamic characteristics are essential to predict the 
motion behaviour of a rover. The rigid wheel-soil traction model (RTM) proposed in this thesis solves these 
problems. 
 
In order to obtain RTM, fundamental characteristics of wheel-soil interaction are evaluated. The work 
started with a review on the previous theoretical and experimental wheel-terrain interaction models. The 
concepts of wheel-soil interaction model have been used in the development of analytical methods for the 
dynamic sinkage and the slip compaction resistance. The ground pressure distribution is investigated by the 
finite element software. However, there is a limitation in this software due to soil particle which cannot be 
modelled in Ansys. As a result, the sinkage cannot be modelled. Several simulations are performed to 
investigate the distribution of ground pressure under the rigid wheel on the sandy surface during the driving 
phase and the rest stage (Figure   3-4 and Figure   3-5).  
 
The behaviour of the soil shear displacement under the contact area of the rigid wheels is analytically 
investigated by knowing the ground pressure distributions of the contact area. The soil shear displacement 
under the contact area of the rigid wheels has been examined for a range of wheel loads (70N-500N) and 
soil  types  (Table    3-1,  Table    3-2and  Table    3-3).  The  new  dynamic  sinkage  model  is  developed  by 
considering  the  soil  shear  displacement  and  the  volume  of  soil  beneath  the  contact area  of  the  wheel 
(Section 3.6). The total sinkage of the rigid wheels is calculated by obtaining the dynamic sinkage.  The                                    Prediction of tractive performance for rigid wheels  
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work  is  followed  by  developing  a  new  analytical  model  to  derive  the  slip  compaction  resistance  by 
considering the total sinkage and the vertical work done by the grouser (Section 3.9.2). 
 
To evaluate the proposed models, the results from RTM model are compared to the single wheel testbed 
results from DLR and the simulation results. The results are explained in Chapter 5. RTM also have been 
compared to the existing classical models and the results are explained in this chapter.  
 
RTM is developed to address the unsolved problems of the rigid wheel-soil interaction. The proposed 
dynamic sinkage model is able to derive the slip sinkage for both smooth and grouser wheels and explains 
the behaviour of sinkage at high slip ratios. The additional compaction resistance model is able to derive 
the slip resistance and explains the additional slip resistance at high slip ratios. 
 
3.2. Wheel models 
 
There are two rigid wheels consider in this study. They are named rigid wheel-1 and rigid wheel-2. Wheel 
diameter and width for rigid wheel-1 are 30 cm and 10 cm respectively. Rigid wheel-2 diameter is 25 cm 
and its width is 10 cm.  Figure   3-1 shows rigid wheel-1 and rigid wheel-2. 
 
 
                                                  (a)                                                                              (b) 
 
Figure   3-1: Rigid wheel designs 
(a): numerical model (rigid wheel- 1) , (b): experimental model designed by DLR (rigid wheel- 2)                                    Prediction of tractive performance for rigid wheels  
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3.3. Martian Terrain 
 
Surface terrain of Mars and the Moon has been covered with fine-grained soil and rocks which are spread 
over the terrain. Figure   3-2 shows surface pictures of Mars. Table 3-1 shows Mars soil data from the Viking 
and the Pathfinder Landers and the MER rover.  
 
 
 
Figure   3-2: Mars Terrain; Rocks and sand dunes on Mars  
 (Nemiroff and Bonnell, 2008) 
 
Martian soils generally are dry sandy type with high frictional coefficients. As seen in Table   3-1and Table 
  3-2, DLR attempts to produce in particular the grain size distribution and stress-strain behaviour of Martian 
soil. DLR soil simulants are used to test the wheel-interaction performance by ESA for ExoMars rover. 
Table  3-2  shows  the  Martian  soil  simulants  (MSS)  properties  that  were  prepared  at  DLR.  Table  3-3 
illustrates the terrestrial soil properties of the frictional soils such as dry sand and the cohesive soils such as 
clay. 
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Table   3-1: Mars soil properties from Mars Landers and the rover 
 
Soil 
Bulk 
density 
[kg/m
3] 
Cohesion 
[Pa] 
Friction 
angle [
o] 
Kc 
[N/m
n+1] 
Kφ φ φ φ 
[N/m
n+2] 
Deformation 
coeff. n [-] 
VL1 drift  1153  1600±1200  18±2.4  1400  820000  1.0 
VL1 blocky  1605  5500±2700  30.8±2.4  1400  820000  1.0 
VL2 crusty-
cloddy  1403  1100±800  34.5±4.7  1400  820000  1.0 
MPF drift  1172  380±200  23.1±8.0  1400  820000  1.0 
MPF cloddy  1532  170±180  37.0±2.6  1400  820000  1.0 
MER-B 'slope 
soil'  1185  500  20  6800  210000  0.8 
MER-B 
‘sandy loam’  1333  5000  20  28000  7600000  1.0 
 
 
Table   3-2: DLR (MSS) soil simulants 
 
Soil 
Bulk density 
[kg/m
3] 
Cohesion 
[Pa] 
Friction 
angle [
o] 
Kc 
[N/m
n+1] 
Kφ φ φ φ 
[N/m
n+2] 
Deformation 
coeff. n [-] 
DLR Soil 
Simulant A 
1140  188  24.8  2370  60300  0.63 
DLR Soil 
Simulant B 
1140  441  17.8  18773  763600  1.10 
DLR Soil 
Simulant C 
1140  41  25.6  1342  265114  0.86 
DLR Soil 
Simulant D 
1330  13  32  -668000  192000000  1.8 
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Table   3-3: Terrestrial physical soil properties 
 
Soil 
Bulk density 
[kg/m
3] 
Cohesion 
[Pa] 
Friction 
angle [
o] 
Kc 
[N/m
n+1] 
Kφ φ φ φ 
[N/m
n+2] 
Deformation 
coeff. n [-] 
Dry sand  1524  1040  28  990  1528000  1.1 
Sandy loam  1524  1720  29  5270  1515000  0.7 
Clayey soil  1524  4140  13  13190  692200  0.5 
 
3.4.  Rigid wheel in soft soil 
 
A rigid wheel in soft soil sinks to a depth  0 Z when it is operated by a load ofw. Total soil reaction is equal 
to  the  sum  of  the  elementary  reactions  dN of  the  ground  resistance  against  the  soil  compaction.  The 
investigations  (Bekker,  1956,  Wong,  2001)  show  that  these  reactions  are  perpendicular  to  the  wheel 
perimeter.  
 
As Figure   3-3 shows, the following equations can be written for rigid wheel at rest stage: (Bekker, 1956): 
 
1
0 cos 0 w dN
θ
θ − + = ∫                Equation   3-1 
 
Where,  1 θ is the first contact angle between the wheel and the terrain. 
 
Substituting the elementary reaction cos dN pbdx θ = − , and the Equation 2-17 into the above equation and 
considering the geometrical configurations which are illustrated in the Figure   3-3 the following equations 
can be obtained:  
 
0
0
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0
0
0 2
Z n Ddz
w BK Z
Z Z
=
− ∫             Equation   3-3 
 
Indicate
2
0 Z Z t − = , therefore  
2 dz tdt = −  
 
0 2
0 0 ( )
t Z n w BK D Z t dt
=
= − ∫            Equation   3-4 
 
 
 
Figure   3-3: Single rigid wheel on soil  
 (Bekker, 1956)  
 
By  expanding 
2
0 ( )
n Z t − into  a  series  and  taking  only  the  first  two  parts  of  that  series 
1 2
0 0 ( ...)
n n Z nZ t
− − + it will be determined that (Bekker, 1956): 
 
0 1 2
0 0 0 ( )
Z n n w BK D Z nZ t dt
− = − ∫           Equation   3-5 
 
( )
2
2 1
0
3
3
n
c
w
Z
k
B n k D
B
φ
+  
 
  =
    − +        
          Equation   3-6 
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The above equation shows the relationship between loadw, wheel diameterD, wheel width  B and the 
maximum sinkage depth 0 Z . This equation is valid if  0 1 Z z − ￿  and  1.3 n < (Bekker, 1956). In the case 
of 1.3 n > , instead of Equation 3-6, the following equation can be employed. This equation is directly 
derived from Equation 3-3 without any assumption (as mentioned above) that is used in Equation 3-5. This 
equation requires a numerical solution (Richter et al., 2006b). 
 
( )
( ) ( )
0 0
2 0
0 0
2
2
Z n c Z Z D k
W B k z dz
B D Z Z Z Z
φ
− −   = − +  
  − − − ∫     Equation   3-7 
 
3.5. Ground pressure distribution and static sinkage 
 
To find the ground pressure distribution, the rigid wheel was simulated by the finite element software 
(Ansys  simulation  version  11.0).  Ansys  is  able  to  solve  a  wide  range  of  applications  from  linear  to 
nonlinear  static  and  dynamics  applications.  Several  simulations  were  performed  to  investigate  the 
distribution of ground pressure under the rigid wheel on the sandy surface during the driving phase and the 
rest stage. The simulations were set up with the soil physical properties (Table 3-1, Table 3-2 and Table 3-
3) and the wheel material characteristics (Table 3-4). The soil cohesion, soil density and internal friction 
angle were set as soil properties. 
 
The load range (70N-500N) was applied to the axle of the wheel. The entire model utilized a finite element 
mesh that consisted of 19392 nodes and 7797 elements.  The wheel rolling velocity was set to 0.05
m
s
. In 
other words, the wheel speed is 18.91
￿ in revolution per second and the simulation times were between 1 to 
6 seconds. Solver type was set as interactive solver. However, the program will select the optimal solver for 
each simulation.  
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Table   3-4: Wheel material properties 
 
 
Wheel Material 
 
Structural Steel 
 
Titanium Alloy 
 
Aluminium Alloy 
 
Virtual material 
 
Young’s Modulus 
 
2.e+011 Pa 
 
9.6e+0.10 Pa 
 
7.1e+010 Pa 
 
9.6e+009 Pa 
 
The fixed support boundary condition is used to support terrain. The fixed supports were on the bottom of 
the  terrain  and  on  the  two  end  face  of  terrain  in  all  three  directions.  A  displacement  and  remote 
displacement  condition  is  used  to  support  wheel  movement.  The  displacement  was  fixed  on  the  y 
component  (the  side  skidding)  and  free  to  move  in  the  z  component  and  x  component.  The  remote 
displacement was fixed on the x rotation and on the z rotation (rotation on the steering axis) and it was free 
to rotate on y rotation (Rotation on the driving axis). 
 
 
 
Figure   3-4: The distribution of normal stress under the rigid wheel-1 at rest stage 
 
Figure   3-4 shows the distribution of the ground pressure under the rigid wheel-1 while standing at rest point 
on a sandy terrain. Once load w is applied to the axle of a rigid wheel, a reaction force is developed that is 
a product of the distribution of normal stress σ  acting on the peripheral surface of the rigid wheel in the 
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Figure   3-5 illustrates the distribution of the ground reaction, which is applied to the peripheral surface of 
the rigid wheel-1 during driving phase. This ground pressure is expressed by the distribution of normal 
stress σ  and shear stress τ  around the contact area between the rigid wheel-1 and the sandy terrain ( AC ). 
Where C is the beginning point of contact to the terrain and  A is the ending point of departure from the 
terrain.  1 θ  is the entry angle (the contact angle between the rigid wheel and the ground from vertical line) 
and  2 θ is exit angle. 
 
 
(a)                                                                                            (b) 
 
Figure   3-5: The distribution of normal stress under the rigid wheel-1 during driving stage  
at low slip ratio: (a): Numerical model (Ansys), (b): Analytical model 
 
As shown in Figure   3-3, the amount of static sinkage at any arbitrary angle along the contact area between 
the rigid wheel and the terrain is derived by following equation (Bekker, 1956): 
 
( ) 1 cos cos Z r θ θ = −               Equation   3-8   
                   
The amount of maximum static sinkage at the bottom dead centre is equal to (Bekker, 1956): 
 
( ) 0 1 1 cos Z r θ = −               Equation   3-9     
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As shown in Figure   3-5 the distribution of the normal stress is not uniform and depends onθ . By applying 
the  Bernstein-Goriatchkin  equation,  the  distribution  of  normal  stress  for  forward  section  BC  may  be 
calculated by following equation (Wong, 2001): 
 
( ) 1 ( ) . cos cos
n c
s
k
k r r
B
φ σ θ θ θ
 
= − + −  
 
         Equation   3-10   
                     
The amount of static sinkage and normal pressure for the rear section  AB  are derived by below equation 
(Bekker, 1956). However without a loss of generality, this section can be assumed to be a negligible 
quantity (i.e. 2 0 θ ≈ ). 
 
( ) 2 2 1 cos( ) Z r θ = − −               Equation   3-11 
 
 
 
Figure   3-6: Free- body diagram of rigid wheel on deformable terrain 
(Iagnemma et al., 2002) 
 
The maximum radial stress does not act at the bottom dead centre. However it occurs in front of bottom 
dead centre and shifts forwards with increasing slip ratio (Onafeko and Reece, 1967). The Figure   3-5 shows 
the maximum radial stress at the low slip ratio. The maximum radial stress takes place at the point where 
the two soil failure zones beneath the wheel join each other. But it is not possible to locate this point for a                                    Prediction of tractive performance for rigid wheels  
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driven wheel by a theoretical approach. The following equation shows the location of the maximum radial 
stress (Wong and Reece, 1967a).  
1 2
1
m c c s
θ
θ
= +                 Equation   3-12 
 
Sand is usually employed as planetary soil.  1 c  and  2 c  are experimental coefficients. The coefficient  2 c  has 
the same value for various sand (0.32) but  1 c is different (Wong and Reece, 1967a).  Wong suggested that 
the  relative  position  of  the  maximum  radial  stress  depends  on  the  sand  compressibility  and  it  is  not 
dependent of sinkage and wheel dimensions. 
 
Figure    3-6  shows  the  radial  stress  around  the  contact  area  can  be  split  into  two  areas  to  estimate  its 
distribution.  In  the  region  between 1 θ   and  m θ   ,  which  is  called  front  region,  the  radial  stress  can  be 
calculated by the following equation (Wong and Reece, 1967a): 
 
   ( ) ( ) 1 1 ( ) cos cos
n
n
c s
s
r
k Bk
B
φ σ θ θ θ   = + −  
 
        Equation   3-13 
 
The radial stress acting in the rear region located between  m θ  and  2 θ  can be calculated by the following 
equation (Wong and Reece, 1967a): 
 
( ) 2 1 1 1 ( ) cos ( ) cos
n n
c s m
s m
r
k B k
B
φ
θ
σ θ θ θ θ θ
θ
     
= + − − −      
       
  Equation   3-14 
 
3.6. Slip and dynamic sinkage of a rigid wheel 
 
This section describes the proposed dynamic sinkage model of RTM.  Figure   3-7 shows slip velocity and 
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Figure   3-7: Slip velocity and shear displacement beneath a rigid wheel 
 
For a rigid wheel at driving stage ( r v ω > ) with an actual forward speed v in the forward direction and an 
angular velocityω , amount of slippage can be written as (Wong and Reece, 1967a): 
 
1
v
s
rω
= −                   Equation   3-15 
 
The tangential slip velocity  s v  at a random point of central angle θ  on the peripheral surface of the contact 
area between wheel and the ground can be computed as: 
 
cos s v r v ω θ = −               Equation   3-16 
 
By substituting the slip ratios into the above equation, the slip velocity at the random point on the contact 
section can be expressed as (Wong and Reece, 1967a): 
 
( ) 1 (1 )cos s v r s ω θ = − −             Equation   3-17 
 
The maximum value of slip velocity is at the entry angle ( 1 θ θ = ) and after that the slip velocity decreases 
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( 2 θ θ = − ).  The soil shear displacement for an angular velocity 
d
dt
θ
ω
−
=  and a moving speed of v can be 
calculated by integrating the slip velocity from the starting of contact angle to an arbitrary angle as follows 
(Muro and O'Brien, 2004): 
 
0
t
s j v dt =∫  
( ) ( ) ( )
( )( ) ( )
1
0
1 1
1 (1 )cos 1 (1 )cos
1 sin sin
t
j r s dt r s d
r s
θ
θ θ ω θ θ θ
θ θ θ θ
= − − = − − =
− − − −
∫ ∫      Equation   3-18 
   
The amount of soil shear displacement  ( ) j θ  is positive for the whole of the contact area. Figure   3-8 and 
Figure   3-9 show the amount of the soil shear displacement for a range of wheel loads and two types of soil. 
As shown in the figures, the amount of the soil shear displacement increases from zero at the entry angle 
( 1 θ θ = ) towards the angle ( 2 θ θ = − ) and it reaches a maximum value at the rear angle. Also, it has to be 
indicated that the shear displacement increases with slippage.  
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Figure   3-8: Soil shear displacement for rigid wheel-1 running on the soil MSS-D 
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Figure   3-9: Soil shear displacement for rigid wheel-1 running on the Dry sand 
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This section shows how the dynamic sinkage is developed for RTM and how it is different with static 
sinkage which is explained in the previous section.  The area of the contact patch increases when a wheel 
sinks into soil. This causes the normal force  z F  to increase as wheel sinkage increases (Shmulevich et al., 
1998, Ishigami et al., 2007). Moreover, while the wheel running on the terrain, the wheel surface contacts 
with soil and its surface voids or pores fill with soil. This adds soil to the wheel surface and as a result, 
causes an increase in the normal force. 
The normal force z F  can be calculated by the following equation (Wong, 2001): 
 
( ) ( ) ( )
1
2
1 1 cos sin z F Br d
θ
θ σ θ θ τ θ θ θ = + ∫         Equation   3-19 
 
 The normal force must be balanced by the weight of the wheel z w F = . This can happen either by adjusting 
the contact angles or by considering the amount of soil stuck to the wheel. The contact angles can be 
adjusted by slip ratios. But in real life as discussed in (Bekker, 1956), soil which is stuck to the wheel 
behaves the same as the grousers and causes more tractive effort and slip sinkage.  The amount of soil, 
which is stuck to the wheel, is called adhesion height in the rest of this study. 
 
Adhesion height can be calculated by numerical solution of the normal force (Equation 3-19) and  z w F =  
by replacing the wheel radius from r to h r Ad + . 
 
Figures 3-10 and Figure 3-11 show the normal force acting on rigid wheel-1 increases by increasing the slip 
ratio. Figure 3-12 illustrates the adhesion height, which sticks to the rigid wheel while the wheel operates in 
different soil types with broad range of loads. As the figures show, the rigid wheel-1 has more adhesion 
height in the dry sand than MSS-D. This is due to cohesion of the soil since the dry sand is more cohesive 
than the MSS-D.   
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Figure   3-10: Normal force acting on rigid wheel-1 running on MSS-D; 
“R”: Rigid                                    Prediction of tractive performance for rigid wheels  
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Figure   3-11: Normal force acting on rigid wheel-1 running on dry sand; 
“R”: Rigid 
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Figure   3-12: Adhesion height;  
“R”: Rigid wheel 
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The sinkage at the bottom dead centre of the rigid wheel is larger than the front. Since the soil shear 
displacement  j reaches its maximum value at the bottom dead centre of the rigid wheel, the maximum 
dynamic sinkage  d Z can be evaluated by applying the Bekker tracked method to the wheel (Bekker, 1956). 
According to Equation 3-18, Figure   3-8 and Figure   3-9 the maximum shift of soil which takes place at the 
bottom dead centre of the rigid wheel is ( ) 1 1 (1 )sin m j r s θ θ = − − . The volume of soil thus shifted from 
beneath of wheel with width of  B is equal to ( ) ( ) 1 1 (1 )sin h b B Ad h r s θ θ   + − −  . The  h Ad  is adhesion 
height and  b h is grouser height and the sum of them is the depth at which the slippage extends into soil 
mass. As  j increases, the removed soil at the bottom dead centre is gradually accumulated along the ground 
contact area. As shown in Figure   3-7 the ejected volume caused by particular wheel portions also increases 
like  j  and can be represented by the area of  B in width and  d Z in height and contact length between the 
wheel and ground. The slip sinkage  d Z can be calculated from Equation 3-20. 
 
( ) ( )
( ) ( )
( )
1
1 1
1 1
1
(1 )sin
2
2 (1 )sin
d
h b
h b
d
Br Z
B Ad h r s
Ad h r s
Z
r
θ
θ θ
θ θ
θ
  = + − −  
  + − −   =
       Equation   3-20 
 
The above equation shows the relationship between the dynamic sinkage and the adhesion. This equation 
can  explain  the  dramatically  increase  in  the  slip  sinkage  at  high  slip  ratios  and  matches  closely  with 
experimental results, which are presented in chapter 5. Slip sinkage (dynamic sinkage) happens in both the 
smooth and the grouser wheel. Dynamic sinkage is caused by rotation of the wheel and depends on the slip 
ratio of the wheel, the wheel surface pattern and the soil characteristics. 
 
The rigid wheel total sinkage equals to sum of the static and dynamic sinkage.  
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0 t d Z Z Z = +                 Equation   3-21 
 
Figure   3-15 illustrates the total sinkage of the rigid wheel-1 running on the two types of sandy surface. As 
shown in the figure, the total sinkage increases with slip ratio as a result of the increase in the dynamic 
sinkage with slip ratio (Figure   3-13). Figure   3-14 shows the dynamic sinkage of the smooth rigid wheel-1, 
as seen in the figure, the slip sinkage increases with slippage. This happens because of the adhesion height. 
Adhesion height behaves the same as grousers. 
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Figure   3-13: Dynamic sinkage (Slip sinkage) for rigid wheel-1 with grousers; 
 “R”: Rigid wheel 
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Figure   3-14: Dynamic sinkage (Slip sinkage) for rigid wheel-1 without grousers;  
“R”: Rigid wheel 
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Figure   3-15: Total sinkage of rigid wheel-1 with grousers;  
“R”: Rigid wheel 
 
 
 
                                    Prediction of tractive performance for rigid wheels  
----------------------------------------------------------------------------------------------------------------------- 
53 
 
Other researchers (Shmulevich et al., 1998, Ishigami et al., 2007) have employed Equation 3-19 to find the 
total sinkage numerically by balancing the normal force to the axle load of the wheel. However, in the 
existed model, the dynamic sinkage is almost the same as the static sinkage and does not increase with slip 
ratio.  As shown in Figure 3-16, the proposed slip sinkage model (RTM model) can describe the behaviour 
of  dynamic  sinkage  at  high  slip  ratios as  the  dynamic  sinkage  increases  with  slip  ratio. The  dynamic 
sinkage does not depend on the wheel vertical load and is generated by the rotation of the wheel during slip 
and depends on the soil shear displacement under the wheel-terrain contact area and the slip ratio.  The 
RTM  model  (Equation  3-20)  can  calculate  the  dynamic  sinkage  values  which  are  very  close  to  the 
experimental results measured by DLR.  The comparison of the analytical results and the experimental 
measurements are given in chapter 5. 
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Figure   3-16: Comparison of predicted value of total sinkage for rigid wheel-1 without grousers; 
 “R”: Rigid wheel 
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3.7.  Soil thrust and drawbar pull 
 
Locomotion requires traction to provide forward thrust on the ground (Bekker, 1956, Bekker, 1969). The 
maximum force that can be continued by the soil before extreme slippage occurs is known as the soil thrust 
(Wong, 2008).  
 
( )
1
2
cos H rB d
θ
θ
τ θ θ θ = ∫             Equation   3-22 
 
According to Coulomb’s equation the maximum shearing strength τ  of the soil under corresponding unit 
pressure  p can be determined as
H
A
τ = .  
 
( ) ( )
( )
tan 1
j
k
c e
θ
τ θ σ θ φ
−  
= + −      
 
          Equation   3-23 
 
According the Wong and Reece  stress distribution of the shear strength depends on the contact pressure 
distribution and can be described by Equation 3-24 and Equation 3-25 (Wong and Reece, 1967a). 
 
( ) ( )
( )
1 1 tan 1
j
k
c e
θ
τ θ σ θ φ
−  
= + −      
 
          Equation   3-24 
 
( ) ( )
( )
2 2 tan 1
j
k
c e
θ
τ θ σ θ φ
−  
= + −      
 
          Equation   3-25 
 
Therefore, the soil thrust can be obtained by following equation: 
           
( ) ( )
1
2
1 2 cos cos
m
m
H rB d d
θ θ
θ θ τ θ θ θ τ θ θ θ   = +     ∫ ∫       Equation   3-26 
 
Not all soil thrust can be accounted for performing helpful effort. A part of it is lost in overcoming the 
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Drawbar pull (DP) is the difference between the soil thrust H and the motion resistance R (Bekker, 1956, 
Bekker, 1969). 
 
  DP H R = −                 Equation   3-27 
 
3.8.  Motion resistance 
  
There are two types of motion resistances, internal motion resistance and external motion resistance. The 
internal motion resistance are those forces opposing vehicle motion, which are created inside the vehicle 
itself due to factors such as friction. The external motion resistance describes forces, which are produced by 
soil deformation and does not make thrust (Bekker, 1960). 
 
Definitions  and  measurements  of  internal  motion  resistance  are  subject  to  standard  procedures  in 
automotive engineering .Standard procedures are documented procedures that are established to define and 
check  internal  motion  resistance  such  as  internal  friction.  However,  the  external  motion  resistance  is 
exclusively determined by the form of the vehicle and soil properties. The external motion resistance is of 
particular  interest  in  this  study.  Motion  resistance  comprises  the  compaction  resistance,  bulldozing 
resistance, rolling resistance and the gravitational resistance. 
 
c b r g R R R R R = + + +               Equation   3-28 
 
3.8.1. Compaction resistance 
 
Compaction resistance occurs when the vehicle travelling in the soft ground and pressing the wheel into the 
ground to a maximum sinkage. Consequently, the compaction resistance is equivalent to the vertical work 
per  unit  length  in  pressing  a  wheel  into  the  ground  to  a  depth  of  its  maximum  sinkage.  Compaction 
resistance is the main source of loss of soil thrust in unprepared terrain (Wong, 2008). The compaction 
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( )
1 1
2
1 2 ( )sin ( )sin
m
c R rB d d
θ θ
θ θ σ θ θ θ σ θ θ θ = + ∫ ∫       Equation   3-29 
 
3.8.2. Bulldozing resistance   
                         
Bulldozing resistance happens when the rover is passing through the soft ground and the wheels push a 
significant soil mass in front of the wheel.  The bulldozing resistance for the rigid wheel can be calculated 
by the below equation (Bekker, 1960). The narrow wheels suffer less from the bulldozing resistance.  
 
3
2
2
2
sin( ) (90 )
2
2sin cos 540
tan(45 /2)
180
b c
B t
R zcK z K
c t
ct
γ
α φ π γ φ
γ
α φ
π
φ
+ −   = + + +  
+ +
     Equation   3-30 
 
Where γ is soil weight density (bulk density times gravitational acceleration). c N and  y N are coefficients of 
passive Earth pressure (Terzaghi, 1943). 
 
2 ( tan )cos c c K N φ φ = −             Equation   3-31 
 
2 2
1 cos
tan
N
K
γ
γ φ
φ
 
= +  
 
            Equation   3-32 
2 tan (45 /2) t z φ = −               Equation   3-33 
 
α  is the angle of approach, for a rigid wheel is (Bekker, 1960): 
 
1
0 cos (1 2 / ) Z D α
− = −              Equation   3-34 
 
The equation 3-30 shows the bulldozing resistance rapidly increases with the increase of the wheel width. 
Therefore, a large-diameter narrow wheel will be better than a small-diameter wide wheel when the size of 
contact area and load are equal. The bulldozing resistance is the major resistance compare to compaction 
resistance, for soil types, which belongs to a fluid rather to a granular mass. Its magnitude depends on the 
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3.8.3. Rolling resistance 
 
Rolling resistance is created by the wheel’s catch of soil through adhesion to its metallic parts. Theoretical 
behaviour of the problem is actually difficult to be defined .However, an empirical study  shows  the wheel 
rolling resistance is a function of coefficients of rolling resistance  and the wheel loading (Bekker, 1956). 
 
r r R f w =                 Equation   3-35 
 
Where,  r f is the coefficient of rolling resistance and w is wheel loading. 
 
The coefficient of rolling resistance is a complex function of design parameters (the wheel loading and the 
wheel radius) and soil parameters (soil cohesion and soil adhesion). Coefficient of rolling resistance is 
technically taken as 0.02 for rolled ground, 0.1-0.35 for fields (depending on water content) and 0.05 for 
unpaved road (Wong, 2001). However, Apostolopoulos claims that the energy expended in overcoming 
surface roughness and rolling resistance is equivalent to climbing a 1.5
￿ slope (Apostolopoulos, 2001). 
Consider an ExoMars  rover with a mass of 300 kg on Earth ,according to Apostolopoulos, the rolling 
resistance  per wheel will be equivalent to climbing a slope of 1.5
￿ ( sin1.5
6
w
). Therefore, the rolling 
resistance will be 12.83 N. However, this cannot be valid for different soil types. 
 
3.8.4. Gravitational resistance 
 
Ground slopes add a component to the motion resistance, in the case of the rover climbing up the slope; the 
gravitational resistance can be calculated by following equation. 
 
sin g R w θ =                 Equation   3-36 
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3.9. Effect of grousers (spud) 
 
Experiences indicate that the wheel grousers develop the extra tractive effort. If the spacing between the 
grousers is too small, the spacing between them may be filled up with soil. Under this condition, the major 
physical  effect  of  grousers  is  the  increase  of  the  wheel  diameter,  where  the  new  diameter  would 
be 2 b D D h ′ = + .  
 
The problem is fairly different if the grousers are spaced far enough apart. In this case each grouser may act 
individually without blocking the soil. The grousers describe as “self-cleaning under this condition. If the 
wheel is wide enough as compared to the grouser depth, the passive Earth pressure acting upon the blade 
will apply to solve the problem (Rathje, 1931, Kanafojski, 1934). Moreover,  the job of any grouser is 
similar to that of a cuter which digs through the soil and reach hard layer to develop sufficient tractive 
effort (Bekker, 1956, Wong, 2008).  
 
3.9.1. Tractive effort of grousers 
 
Theory of the passive Earth pressure can be used in the prediction of the forces acting on a soil cutting 
blade or the tractive effort developed by a grouser of the wheel. Consider a vertical cutting blade, such as 
bulldozer blade, being pushed against soil; the soil in front of the blade will bring into state of passive 
failure. If the grouser is vertical and its surface is smooth, then normal pressure exerted by the grouser on 
the soil is the major principle stress, and is equal to the passive Earth pressure. Therefore, the resultants of 
force acting on the grouser can be calculated by integrating the passive Earth pressure Equation 2-14 over 
the grouser height  (Bekker, 1956, Wong, 2008). Figure   3-17 shows the tractive effort by a grouser. 
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Figure   3-17: Tractive effort of a grouser  
(Wong, 2008) 
 
 
2 1
2
2
g b b b F B h N qh N ch N γ φ φ φ   = + +    
        Equation   3-37 
 
 Soil weight density γ  is bulk density multiply by gravitational acceleration. The surcharge ofq is stress 
under  the  wheel  at  bottom-dead-centre,  and  soil  bearing  capacity  factor  Nφ   equals  to  following 
equation(Bekker, 1956): 
 
2
tan 45
2
N
φ
φ
    = +    
   
             Equation   3-38 
 
If the surface of the grouser is not smooth, the friction and the adhesion will be involved between the soil 
and the grouser.  In this case, the resultant force  g F  can be calculated by integrating Equation 2-15 over the 
grouser height (Bekker, 1956). 
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Figure   3-18: Tractive effort of the grouser with rough surface;  
(a): vertical grouse (b): inclined grouser  
(Bekker, 1956) 
 
( )
2
2 cos cos cos cos
b b
g q c
b b
K h h
F qK cK
γ γ
β δ β δ
= + +       Equation   3-39 
 
Where, q K , c K  and Kγ are bearing capacity factors. 
 
In case of adhesion  a c  between the soil and the grouser surface, the adhesion force may be expressed by 
(Wong, 2001): 
 
sin cos
b a b a
ca
b b
h c h c
F
α β
= =              Equation   3-40 
 
Figure   3-18 shows the tractive effort of the grouser in rough surface. 
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3.9.2. Grousers resistance (slip compaction resistance) 
 
This section describes the slip compaction resistance model of RTM. The grousers produce additional 
compaction resistance due to the slip sinkage. To calculate the grouser compaction resistance, the total 
sinkage  t Z  has to be determined. 
 
 
Figure   3-19: Grousers’ resistance 
 
The total sinkage is expressed in terms of the wheel parameters and the terrain properties and comprises the 
dynamic  and  the  static  sinkage.  As  shown  in  Figure    3-19,  the  value  of  the  grouser  compaction 
resistance cg R  is calculated by Equation 3-41 and is equivalent to the vertical work done by the grouser of 
widthB . 
t
g
Z n c
cg Z
s
k
R B k Z dz
B
φ
 
= +  
  ∫                  
                 
1 1
. .
1 1
n n
g t
cg
Z Z
R B K B K
n n
+ +
= −
+ +
            Equation   3-41 
   
  g t g Z Z l = −                 Equation   3-42 
 
Figure 3-20 shows the additional slip compaction resistance caused by grousers in two types of soil and 
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Also as seen in the figure the slip resistance in MSS-D is more than the slip resistance in dry sand. This is 
due to some soil parameters such as soil deformation coefficient and soil friction modulus. As shown in 
Table   3-2 and Table 3-3, these parameters of MSS-D are greater than soil parameters of dry sand. 
 
The total compaction resistance equals to following equation:  
 
ct c R R = + cg NR               Equation   3-43 
 
Where,  N is the number of grousers in the contact patch and  ct R is the total compaction resistance. Figure 
  3-21 shows the total compaction resistance for rigid wheel-1 and two types of soil. As shown in the figures 
the  total  compaction  resistance  increases  in  increase  of  slip  ratios.  In  addition,  the  total  compaction 
resistance in MSS-D is more than the total compaction resistance in dry sand. This is due to some soil 
parameters such as soil deformation coefficient and soil friction modulus. As described in Table   3-2 and 
Table   3-3, the soil parameters of MSS-D is greater than soil parameters of dry sand. Equation 3-41 can 
describe  the  behaviour  of  the  compaction  resistance  at  higher  slip  ratio  values  which  is  closer  to  the 
experimental results. The slip resistance have a direct effect in drawbar pull as demonstrated in Figure   3-23 
and also in experimental results in Figure   5-2 at Chapter 5. However, in classic view presented in (Bekker, 
1956)  the  compaction  resistance  increases  dramatically  at  high  slip  ratios  which  does  not  match  with 
experimental data  (Figure    3-22).  Equation  3-44  shows  the  classic  method  to calculate the  compaction 
resistance. 
 
1
( ) .
1
n
t
ct classic
Z
R B K
n
+
=
+
               Equation   3-44 
                 
Therefore the overcall drawbar pull for a rigid wheel which has grousers equals to:   
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Figure   3-20: Slip resistance occurs by the grousers;  
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Figure   3-21: Total compaction resistance;  
“R”: Rigid wheel 
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Figure   3-22: Compaction resistance in classic method 
 
 
     
 
Figure   3-23: Comparison of predicted values for DP 
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Figure 3-23 illustrates the comparison of the proposed model (RTM) and the classic Bekker Model.  As 
seen  in  the  figure,  the  DP  dramatically  decreases  at  high  slip  ratios  in  the  classic  method.  The  slip 
resistance and dynamic sinkage are different in RTM and the classic Bekker model. The slip resistance and 
dynamic resistance have a direct effect on the total compaction resistance and the drawbar pull. As shown 
in Figure   3-21 and Figure   3-22 the total compaction resistance dramatically increases at high slip ratios in 
the classic Bekker model. As a result, the DP dramatically decreases at high slip ratios in the classic Bekker 
model. However, the total compaction resistance slightly increases in increase of slip ratio in RTM. 
 
3.10. Driving torque 
 
The driving torque can be coupled to the contact pressure distribution and shear stress distribution. For a 
rigid wheel the wheel axle torque is given by: 
 
( ) ( )
1
2
2
1 2 ( )
m
m
T s Br d d
θ θ
θ θ τ θ θ τ θ θ   = +     ∫ ∫         Equation   3-46 
 
Figure   3-24 shows the torque for wheel 1 and MSS-D. As illustrated in the figure the torque non-linearly 
increases in increase of slip ratio in both choices of wheel loadings. 
 
 
Figure   3-24: Torque; 
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3.11. Rigid wheel in tandem  
 
A tandem configuration means the wheels following each other in the same trace on left-hand and right-
hand sides. Since sinkage obviously affects compaction resistance, the ways wheels are in sequence in a 
vehicle have an effect on the total compaction resistance of the vehicle (Bekker, 1956).  
 
Bekker assumes, the four-wheel carriage with the loads acting on the front and rear axles are W′ andW′′  
respectively. As shown in Figure   3-25, the radius and sinkage of the front and rear wheels are  1 r , 1 z  and  2 r , 
1 2 z z +  respectively. By using pressure-sinkage and weight equations, the entry angles of the front and the 
rear wheel at rest stage can be calculated by following equations: 
 
 
Figure   3-25: Rigid wheel in tandem  
(Richter et al., 2006a) 
 
( )
0
1 1 0 0 (cos cos ) cos
n W BKr r d
θ
θ θ θ θ ′ = − ∫         Equation   3-47 
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1
2 2 0 0 (cos cos ) cos
n
W BKr r d
θ
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By solving the weight distribution equations numerically for front and rear wheels,  0 θ  and 1 θ  are found and 
subsequently, the sinkage   1 z  and  2 z  can be calculated from following equations. 
 
1 1 1 0 cos z r r θ = −               Equation   3-49 
 
2 2 2 1 cos z r r θ = −               Equation   3-50 
 
The  total  sinkage  can  be  obtained  from  following  formula 0 1 2 Z z z = + .  Therefore,  the  compaction 
resistance is expressed by the below equation. 
 
( ) 0
1 1
1 2 0
0 1 1
n n Z n z z Z
R BKz dz KB KB
n n
+ + +
= = =
+ + ∫        Equation   3-51 
 
The above equation is valid for two wheels in tandem (Bekker, 1956). It is also valid for a four wheel trailer 
with axels loaded in the same way.  
In addition, bulldozing occurs for the front wheels only as the rearward wheels typically follow in the 
tracks made by the forward wheels. As above equations shows, overloading the front axle increases the 
compaction resistance.  
 
3.12. Vehicle drawbar pull 
 
Vehicle drawbar pull can be derived as the difference between tractive thrust  H and motion resistance 
terms R. Drawbar pull DP for tandem, triplet, quadruplet etc. configurations in case of rigid wheels is given 
by (Richter et al., 2006a): 
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Where m is the number of driving wheels and  , c multiple R  is the compaction resistance with multi-pass effect. 
In addition, the wheels have the same dimensions in this case. 
 
3.13. Summary 
 
In this chapter, the classical rigid wheel-soil interaction models are presented and their shortcomings are 
discussed. To overcome those shortcomings, the rigid wheel-soil interaction model (RTM) is developed. It 
has been demonstrated that this model improves the estimation of the slip sinkage and the slip compaction 
resistance. 
 
Slip sinkage is caused by rotation of the wheel and depends on the wheel slip ratio, the wheel surface 
pattern and the soil characteristics. Despite the plethora of previous work presented in the literature, the 
modelling of the slip sinkage remains an unsolved problem. The already presented models either do not 
model slip sinkage of the smooth wheels or their model do not match with experimental results especially 
in high slip ratio. 
 
In the proposed rigid wheel traction model (RTM), the slip sinkage is modelled in both smooth and grouser 
wheels by taking into account the adhesion height and the soil shear displacement. While the wheel is 
running on the terrain, its surface contacts with soil and voids or pores fill with soil. This adds soil to the 
wheel surface, which is called the adhesion height.  The wheel normal force is used to calculate this 
adhesion height. Adhesion height can happen in both smooth and grouser wheel and works like grousers. 
Therefore, they cause the slip sinkage and produce an additional soil shear force. 
 
The slip sinkage is modeled by calculating the shear displacement in the contact area and the volume of soil 
lying beneath the wheel contact area. The proposed slip sinkage model can explain the high sinkage at high 
slip ratios in both smooth and grouser wheel. 
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Furthermore, the slip compaction resistance is also modeled in the rigid wheel traction model (RTM). The 
additional compaction resistance can describe the behaviour of the compaction resistance at high slip ratios 
which  is  closer  to  the  experimental  results.  In  the  classic  view  the  compaction  resistance  increases 
dramatically at high slip ratios which does not match with experimental data. Table   3-5 shows the final 
derived RTM. 
Table   3-5: Final derived RTM 
 
 
Soil thrust  
 
Static sinkage 
 
Dynamic sinkage 
 
Static  
compaction 
resistance 
 
Slip resistance 
 
Drawbar pull 
 
Classic model 
Equation 3-26 
 
Classic model 
Equation 3-8 
Equation 3-9 
Equation 3-11 
 
 
RTM 
Equation 3-20 
 
Classic model 
Equation 3-29 
 
RTM 
Equation 3-41 
 
RTM 
Equation 3-45 
 
 
In the following chapter, the soil-wheel traction model for the metal flexible wheels is studied and a new 
analytical model is proposed to predict tractive performance of the flexible wheel. 
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Chapter 4 
 
 
4.  Prediction of tractive performance for flexible wheels 
 
Rigid wheels for planetary rovers have been extensively studied, developed and operated in the past. Some 
research has also been done in order to study pneumatic tyres (Wong, 2008, Lach, 1997, Harnisch and 
Lach, 2002a, Shmulevich and Osetinsky, 2003). Little, however, has been done on developing theory for 
metal flexible wheels to quantify their performance, with the sole exception being the wire mesh metal-
elastic wheel of the Apollo Lunar Roving Vehicles (LRV).  
 
Improving the tractive force is the main reason of using flexible wheels. The tractive force, produced from 
the interaction between the wheel and the ground, determines the rover's ability to accelerate, climb slopes 
and cross over obstacles. Due to sinkage, rovers operating on soft soil must handle much higher resistance. 
Therefore reducing the sinkage is the major part of achieving an optimal tractive performance. Although the 
latter can be attained by increasing the diameter of the wheel (Bekker, 1956, Siddiqi et al., 2006), this 
approach is restricted due to constraints such as vehicle dimensions and power consumption. Increasing the 
length of the contact patch without increasing  dimensions of the wheel is another approach that can be 
used to improve the tractive performance as required slip is lower for the same drawbar performance 
(Bekker, 1956). Flexible wheels including pneumatic tyre (Lach, 1999, Muro and O'Brien, 2004, Schmid, 
1995) and metal flexible wheels are such alternatives that provide a larger contact patch. Risk of employing 
pneumatic tyre, however, is considered very high in robotic missions. The flexible metal wheels thus are 
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ground pressure on the soil surface. In return, sinkage and compaction resistance are reduced and the 
tractive force is increased.  
 
In  this  chapter,  a  new  flexible  wheel-soil  traction  model  (FTM)  is  proposed  to  predict  the  tractive 
performance  for  a  metal flexible  wheel.  Subsequently,  the  analysis  of  soil  sinkage,  motion  resistance, 
drawbar pull and the overall performance of the flexible wheel are discussed.  
 
4.1. Research methodology  
 
The primary goal of this research is to propose and evaluate an analytical model that can predict the tractive 
performance of the metal flexible wheels on the sandy surface of Mars. The flexible metal wheels design is 
already proposed for the ExoMars mission; however, there is currently no analytical model to predict the 
wheel-soil traction performance of the metal flexible wheels. A proposed flexible wheel-soil traction model 
(FTM) is an extension to the Bekker theory and RTM.  
 
In order to obtain FTM, the ground pressure distribution and wheel deformation are investigated by the 
finite element software. The shape of flexible wheel during its operation on the soft and the hard soil is 
investigated in Ansys and Matlab for a range of wheel loads (70N-500N) and soil types (Table   3-1, Table 
  3-2 and Table 3-3). Additionally, the shape of the flexible wheel is also checked by the experimental 
observation. The results show that this new shape can be approximated by an ellipse in the lower section of 
the wheel rim. For our modelling and investigation the portion of the circumference of the wheel, which is 
in contact with soil is divided into three sections (Favaedi and Pechev, 2008a, Favaedi and Pechev, 2008b). 
The  contact  angles,  the  soil  thrust,  static  sinkage  and  static  compaction  resistance  are  developed  by 
considering the ground pressure distribution in each section. The proposed models are explained in details 
in this chapter. 
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To obtain the dynamic characteristics of tractive performance for the flexible wheels, the dynamic sinkage 
and slip resistance for the flexible wheels are developed by using the concept of RTM. The soil shear 
displacement under the contact area of the flexible wheels has been examined for a range of wheel loads 
and soil types. The new dynamic sinkage model is analytically developed by considering the soil shear 
displacement and the volume of soil beneath the contact area of the flexible wheel (Section 4.5). A new 
analytical  model  is  developed  to  derive  the  slip  compaction  resistance  by  considering  the  static  and 
dynamic sinkage and the vertical work done by the grouser. The details of the proposed models are given in 
this chapter. 
 
To evaluate the proposed models, the results from FTM model are compared to the single wheel testbed 
results from DLR. The results are explained in Chapter 5. FTM has also been compared to the existing 
classical model and the results are explained in this chapter. 
 
FTM predicts the tractive performance for the metal flexible wheels. FTM also addresses the unsolved 
problems of the dynamic characteristics of the flexible wheels such as the dynamic sinkage and the slip 
resistance. FTM explains the behaviour of the tractive performance of the flexible wheels at high slip ratios. 
 
4.2. Flexible wheel model 
 
The flexible wheels considered in this chapter were taken from the design proposed by DLR (Deutsches 
Zentrum fuer Luft-und Raumfahrt) for ESA’s ExoMars rover (Rover-Team, 2004). The baseline of design 
is an all-metallic configuration with 3 rows of spokes mounted to a rigid hub. A rigid “bump stop” prevents 
excessive deflection of the spring elements. The design concept is closely based on the “MOVE” ocean 
floor vehicle developed by the University of Bremen and DLR.  
 
There are two flexible wheel designs, which are named flexible wheel-1 and flexible wheel-2 in this study. 
Wheel  diameter  and  width  for  flexible  wheel-1  are  30  cm  and  10  cm  respectively.  Flexible  wheel-2                                 Prediction of tractive performance for flexible wheels  
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diameter is 25 cm and its width is 10 cm, the same as the width of the flexible wheel-1. Figure   4-1 shows 
flexible wheel-1 and flexible wheel-2. 
 
 
(a)                                                               (b) 
 
Figure   4-1: Flexible wheel designs 
 (a): Numerical model, (b): experimental model designed by DLR 
 
4.3. Shape of the flexible wheel in soft soil 
 
The flexible wheel deforms when load is applied to its axle. To find the shape of flexible wheel during its 
operation on the soft and the hard soil, several simulations have been done in Ansys. Three different types 
of metal were utilized in the simulation environment in order to discover the changing shape of wheel 
geometry during its operation in the sandy surface. The materials that were used are aluminium, titanium 
and steel. One of them is going to be used in the ExoMars flexible wheel final design.  Furthermore, the 
virtual material with the Young’s modulus lower than the aluminium was employed in order to demonstrate 
the overstress shape of the wheel on the sand. This is a deliberate choice and that it can be modelled by 
applying an unrealistic load too. The simulation environment was setup as the Earth, Mars and Moon 
environments with the broad range of loads and sand types. Figure   4-2 shows the flexible wheels numerical 
model  in  loose  sand  with  the  maximum  ExoMars  load  distribution  490  N  per  each  wheel  and  the 
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Zürich (ETHZ). The spokes mounted to a rigid hub of the both wheels work the same. The difference is in 
the earlier design (flexible wheel 1), the deformed wheel have a difficulty getting back to the normal shape 
after operating in some situations. The results from numerical model and experimental one have been 
compared in Matlab and it was found that both wheels have the same deformation shape in the outer ring. 
 In  the  numerical  model  the  shadow  wheel  shows  the  undeformed  wheel.  The  red  and  yellow  lines 
demonstrate the deformation area.  
 
   
 
(a)               (b) 
 
 
                                                                                             (c) 
 
Figure   4-2: Numerical and experimental model of the flexible wheels during their operation 
 (a): Flexible wheel-1 made from titanium operates in sand 
(b): Flexible wheel-1 made from virtual material operates in sand  
(c): ExoMars flexible wheel-2 made from aluminium operates on the hard surface (from ETHZ) 
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                                                  (a)  
 
 
 
                                                               (b)   
 
 
                                                              (c)   
 
Figure   4-3: Flexible wheel in Matlab 
(a): Flexible wheel-1 made from aluminium (b): Flexible wheel-1 made from virtual material  
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As demonstrated in Figure   4-2 and the other simulations results (for load range of (70N-500N) on three 
different wheel materials over the various sandy surfaces) which are done during this study by the author, 
the flexible wheel has the same geometry shape after load is applied to its axle in the all sandy surface (if 
the  flexible  wheel  is  able  to  deform)  and  hard  soil.  The  shape  of  the  deformed  wheel  from  different 
simulations were exported to Matlab with the intention of finding which geometric shape is a better match 
for outer ring of the deformed wheel. After comparing several geometric shapes with the deformed wheel, 
the results show (Figure   4-3) that shape of the deformed wheel can be approximated by an ellipse in the 
lower section. Additionally, the experimental picture was exported to Matlab and the same shape was 
approximated. For our modelling, the area of the wheel outer ring which is in contact with soil is divided 
into three sections. These sections will explain in the next section. Figure   4-3 illustrates the deformed 
flexible wheels, which were exported to Matlab in order to find the geometry shape of the flexible wheel 
after deformation.  
 
4.4. Ground pressure distribution and static sinkage 
 
To find the ground pressure distribution, the flexible wheel was simulated by the finite element software 
(Ansys). Several simulations were performed to investigate the distribution of ground pressure under the 
flexible wheel on the sandy surfaces during the driving and the rest stages. The simulations were set with 
the soil physical properties (as shown in Table 3-1, Table 3-2 and Table 3-3) and the wheel material 
characteristics (Table 3-4). Ansys set up is the same as the rigid wheel (Section3.5) apart from the meshing 
size and solver type. The entire model utilized a finite element mesh that consisted of 76095 nodes and 
39955 elements.  Solver type was set as “direct solver”.  
                                 Prediction of tractive performance for flexible wheels  
----------------------------------------------------------------------------------------------------------------------- 
79 
 
 
 
Figure   4-4: The distribution of normal stress under the flexible wheel-1 at rest stage 
 
Figure   4-4 shows the distribution of the ground pressure under the flexible wheel-1 while standing at the 
rest point on the sandy terrain.  While load  w is applied to axle of the flexible wheel, a reaction force is 
developed. The reaction force is a product of distribution of normal stress  σ  acting on the peripheral 
surface of the flexible wheel in the normal direction. Figure   4-5 illustrates the distribution of the ground 
reaction  under  the  flexible  wheel-1  during  driving  phase.  The  distribution  of  the  ground  pressure  is 
asymmetrical due to the maximum radial stress which does not act at the bottom dead centre. However, it 
occurs in front of bottom dead centre (Onafeko and Reece, 1967). As seen in Figure   4-6, for our modelling 
and investigation the portion of the circumference of the wheel is approximated by an ellipse in the lower 
section of the wheel rim. This area which is in contact with soil is divided into three sections, forward part 
CD, middle part BC, and rear part AB. As shown in the Figure   4-4 and Figure   4-5, the ground pressure 
distribution is roughly uniform in the middle section. Therefore, the middle section is flat in our modelling. 
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                             (a)                                                                           (b) 
 
Figure   4-5: The distribution of normal stress under the flexible wheel-1 during driving stage 
 at low slip ratio; (a): Numerical model (Ansys), (b): Analytical model 
 
The flexible wheel sinkage comprises static and dynamic components. The static sinkage depends on the 
vertical load on the wheel while the ground contact area of a flexible wheel is forced into the ground. The 
amount of static sinkage at any arbitrary angle along section CD( ) 1 df θ θ θ ≤ ≤   is derived by Equation 4-1 
(Favaedi and Pechev, 2008a). 
 
1 1 cos cos Z L L θ θ = −              Equation   4-1 
 
By applying the Bernstein-Goriatchkin equation (Equation 2-16) for this section of flexible wheel contact 
area, the following equation may be written (Favaedi and Pechev, 2008a). This equation shows the increase 
in the normal pressure. 
 
( ) 1 1 1 ( ) cos cos
n c
s
k
k L L
B
φ σ θ θ θ
 
= − + −  
 
        Equation   4-2 
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On the middle section BC( ) df df θ θ θ − ≤ ≤  the normal pressure is uniform and equals to the average ground 
contact pressure gr P . The amount of sinkage in this section is equal to the maximum static sinkage (Favaedi 
and Pechev, 2008a). 
 
0 1 1 cos cos df df Z L L θ θ = −                 Equation   4-3 
 
( ) 1 1 cos cos
n
df df df K L L σ θ θ = − −           Equation   4-4 
 
Along  the  section  AB( ) 2 df θ θ θ − ≤ ≤ − ,  the  normal  pressure  decreases.  However  without  a  loss  of 
generality,  this  section  can  be  assumed  to  be  a  negligible  quantity  (i.e. 2 0 θ ≈ ).  The  amount  of  static 
sinkage and normal pressure for this section are derived by Equation 4-5 and Equation 4-6 respectively 
(Favaedi and Pechev, 2008a).  
 
2 2 2 cos cos df df Z L L θ θ = −             Equation   4-5 
 
( ) 2 2 2 cos cos
n
df df K L L σ θ θ = − −           Equation   4-6 
 
   
                                                        (a)                                                                                            (b) 
 
Figure   4-6: Vertical wheel Deformation  
(a): Analytical model and (b): Numerical model from Ansys 
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4.5. Slip and dynamic sinkage of a flexible wheel 
 
The amount of soil shear displacement is different in each section; Figure   4-7 shows the distribution of the 
shear displacement when the flexible wheel is running on the terrain. 
 
For a flexible wheel at driving stage (  Lw v > ) with a moving speed  v in the direction of the terrain 
surface and an angular velocityω , amount of slippage can be written as: 
 
1
v
s
Lω
= −                 Equation   4-7 
 
 
 
Figure   4-7: Development of shear displacement beneath a flexible wheel 
 
The tangential slip velocity  s v  at a random point of central angle θ  on the peripheral surface in the section 
CD of the wheel can be computed as: 
 
cos s v L v ω θ = −               Equation   4-8 
 
By substituting the slip ratios into the above equation, the slip velocity at the random point on the section 
CD can be expressed as: 
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( ) 1 (1 )cos s v Lw s θ = − −             Equation   4-9 
 
The maximum value of slip velocity is at the entry angle  1 θ θ = and after that the slip velocity decreases 
gradually towards the angle df θ θ = . The soil shear displacement can be calculated by integrating the slip 
velocity from the starting of contact angle to an arbitrary angle as follows (Favaedi and Pechev, 2008a): 
 
0
t
CD s j v dt =∫                 Equation   4-10 
 
( ) ( )
1
0 1 (1 )cos 1 (1 )cos
t
CD j Lw s dt L s d
θ
θ θ θ θ = − − = − − ∫ ∫      Equation   4-11 
 
The  amount  of  soil  shear  displacement  is  positive  for  the  whole  range  of  the  contact  section  CD.  It 
increases very rapidly from zero at the entry angle  1 θ θ = towards the angle df θ θ = .  
 
The slip velocity is considered to be a constant for the middle section (flat area), similar to that of rigid 
track. However, the shear displacement increases along the section. 
   
 
1
s
s df
v v L v
s
L L L
v L s
ω
ω ω ω
ω
−
= − = =
=
            Equation   4-12 
 
  cos s df v L s ω θ =                 Equation   4-13 
 
0 cos
df t
df s df j v dt L s d
θ
θ θ θ = = ∫ ∫            Equation   4-14 
 
( ) BC CD df df j j j θ = +               Equation   4-15 
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The amount of soil shear displacement is positive for the whole range of the contact section BC. It increases 
from  ( ) CD df j θ  at the entry angle  df θ θ = towards the angle df θ θ = − . 
      
The amount of soil shear displacement is positive for the whole range of the contact section AB. It slightly 
increases from  ( ) BC df j θ −  at the entry angle  df θ θ = − towards the angle 2 θ θ = − . 
 
( ) ( ) 1 (1 )cos
df
AB BC df j j L s d
θ
θ θ θ θ
−
= − + − − ∫         Equation   4-16 
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Figure   4-8: Soil Shear displacement for section CD                                 Prediction of tractive performance for flexible wheels  
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Figure   4-9: Soil Shear displacement for middle section BC 
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Figure   4-10: Soil Shear displacement for rear section AB 
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Figure   4-8 shows soil shear displacement of the forward section; as indicated in the figure, the result 
demonstrates that the soil shear displacement increases with the contact angle. The amount of soil shear 
displacement is positive for the forward section CD. It increases very rapidly from zero at the entry angle 
1 θ θ = towards the angle df θ θ = . 
 
Figure   4-9 illustrates the amount of soil shear displacement for the contact section BC; the amount of shear 
displacement  is  positive  and  increases  from  ( ) CD df j θ   at  the  entry  angle  df θ θ = towards  the 
angle df θ θ = − . As indicated in Figure   4-10, the amount of soil shear displacement is positive for section 
AB and increases from  ( ) BC df j θ −  at the entry angle  df θ θ = − towards the angle 2 θ θ = − . In addition, it 
must be indicated that the shear displacement increases with slippage ratio in all three contact sections. 
 
The area of the contact patch increases when a wheel sinks into soil. This causes the normal force  zf F  to 
increase as wheel sinkage increases (Ishigami et al., 2007). Also, while the wheel is running on the terrain, 
the wheel surface contacts with soil and its surface voids or pores fill with soil. This adds soil to the wheel 
surface and as a result, causes an increase in the normal force. 
 
The normal force zf F for a flexible wheel is given by the following equation: 
 
( ) ( ) ( ) ( )
( ) ( ) ( ) ( )
1
2
1 1
2 2
cos sin
cos cos sin
df
df df
df
zf
df
F B L d
B L d L d
θ
θ
θ θ
θ θ
σ θ θ τ θ θ θ
σ θ θ σ θ θ τ θ θ θ
−
− −
= +
+ + +
∫
∫ ∫
  Equation   4-17 
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Figure   4-11: Normal Force of flexible wheel-2; 
‘R’: rigid wheel, ‘F’: flexible wheel 
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The weight of the wheel must be balanced by the normal force zf w F = . This can happen either by adjusting 
the contact angles or by considering the amount of soil stuck to the wheel. As discussed in (Bekker, 1956), 
soil , which is stuck to the wheel behaves the same as the grousers and causes more tractive effort and slip 
sinkage. The amount of soil, which is stuck to the wheel, is called adhesion height in this study. 
 
By replacing the wheel radius from  L to h L Ad + , the adhesion height can be calculated by numerical 
solution of the normal force (Equation 4-17) and zf w F = . 
 
The sinkage at dead bottom of the rigid wheel is larger than the front section, and the sinkage at the middle 
section of the flexible wheel is larger than its front section Taking into account the maximum value of the 
soil shear displacement  j  at the end of the middle section and is zero at beginning of forward section, the 
maximum dynamic sinkage  df Z can be evaluated by applying  the Bekker tracked method (Bekker, 1956) 
to the wheel.  
 
According to Equation 4-15 and Figure   4-9 the maximum shift of soil  m j  that takes place at the end of the 
middle section of the flexible wheel is ( )
1
1 (1 )cos cos
df
df df
mf df j L s d L s d
θ θ
θ θ θ θ θ θ
−
  = − − +     ∫ ∫ .  
 
The  volume  of  soil  thus  shifted  from  beneath  of  wheel  with  width  of  B   is  equal 
to ( ) ( )
1
1 (1 )cos cos
df
df df
h b df B Ad h L s d L s d
θ θ
θ θ θ θ θ θ
−
  + − − +     ∫ ∫  where,  h Ad is adhesion height and  b h is 
grouser height and sum of both is the depth at which the slippage extends into soil mass. As  j increases, the 
removed  soil  at  the  rear  of  the  flat  section  is  gradually  accumulated  along  the  ground  contact  area. 
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represented by area of  B in width and  df Z in height and contact length in both forward and flat sections. 
Therefore, the slip sinkage  df Z can be calculated from Equation 4-18. 
 
( ) ( )
1 1
1 (1 )cos cos
2
df
df df df
df
C h b df
Z
B Ld L B Ad h L s d L s d
θ θ θ
θ θ θ θ θ θ θ θ
−
    + = + − − +         ∫ ∫ ∫  
( ) ( )
1
1
2 1 (1 )cos cos
df
df df
df
h b df
df
C
Ad h L s d L s d
Z
Ld L
θ θ
θ θ
θ
θ
θ θ θ θ
θ
−
  + − − +     =
  +  
 
∫ ∫
∫
  Equation   4-18 
 
The above equation shows the relationship between the dynamic sinkage and the adhesion height. Slip 
sinkage (dynamic sinkage) happens in both the smooth and the grouser wheel. Dynamic sinkage is caused 
by rotation of the wheel and depends on the slip ratio of the wheel, the wheel surface pattern and the soil 
characteristics. 
 
The following figures show the results for the flexible wheel-2 and the rigid wheel-2. Figure   4-11 shows 
the normal force, as indicated in the figure the normal force increases with the increase of the slippage 
ratio.The  normal  force  increases  with  slip  ratios  due  to  the  adhesion  height  which  increases  with  slip 
ratios.As the slip ratio increases, the dynamic sinkage also increases with slip ratios. Therefore the contact 
patch area increases with increase in the wheel sinkage. Figure   4-12 illustrates the flexible wheel has less 
adhesion height than the rigid wheel. This happens because the flexible wheels have less ground pressure 
than rigid wheels. As shown in Figure   4-13, the dynamic sinkage increases rapidly with increasing slip ratio 
for both the rigid and the flexible wheels. Figure   4-14 shows the flexible wheel has less sinkage than the 
rigid wheel due to low ground pressure of flexible wheels. 
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Figure   4-12: Adhesion height of flexible wheel-2;  
‘R’: rigid wheel, ‘F’: flexible wheel                                 Prediction of tractive performance for flexible wheels  
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Figure   4-13: Dynamic sinkage of flexible wheel-2; 
 ‘R’: rigid wheel, ‘F’: flexible wheel                                 Prediction of tractive performance for flexible wheels  
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Figure   4-14: Wheel sinkage (dynamic and static) of flexible wheel-2;  
‘R’: rigid wheel, ‘F’: flexible wheel                                 Prediction of tractive performance for flexible wheels  
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4.6.  The first Contact angle for flexible wheels 
 
The distribution of the ground reaction applies to the peripheral surface of the flexible wheel during rest 
position. The soil reaction is the sum of the simple reaction  dN  of the ground resistance against rolling 
(Bekker, 1956). The reactions are presumed to be perpendicular to the circumference of the wheel therefore 
according to Figure   4-6 and Figure   4-15 the following equations can be derived: 
 
 
1
cos
df
w dN
θ
θ θ
− =∫               Equation   4-19 
 
cos cos dN pBds θ θ =             Equation   4-20 
 
ds  is the arc length from  1 θ θ =  to  2 θ θ = −  and can be expressed as: 
 
sin
cos
cos
sin
X L
Y L
dX
L
d
dY
L
d
θ
θ
θ
θ
θ
θ
=
=
=
= −
               Equation   4-21 
 
ds Ldθ =                 Equation   4-22 
 
By applying the ellipse equation line segment (with one end at the coordinate origin and the other end on 
the perimeter of the ellipse), at arbitrary point may be written as following: 
 
2 2
2 2 2 2 sin cos
a b
L
b a θ θ
=
+
            Equation   4-23 
 
a  and  b  can  be  computed  by  knowing  the  vertical  deformation,  horizontal  deformation  and  the 
circumference of the wheel. The deformations can be either calculated by simulation or computed from 
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The wheel axel load can be determined by using the Bernstein-Goriatchkin and combining equations (4-1), 
(4-3), (4-21), and (4-22). The load is divided between the contact pressure distribution in section CD, BC 
and AB. 
 
1 2 df w w w w = + +               Equation   4-24 
 
( )
( )
1
2
1
2
cos cos
cos
df
df df
df
df w B L d B L d
B L d
θ θ
θ θ
θ
θ
σ θ θ θ σ θ θ
σ θ θ θ
−
−
−
= + + ∫ ∫
∫
      Equation   4-25 
 
The entry contact angle can be determined by the above load equations by identifying a numerical solution 
when the flexible wheel is at rest position (Favaedi and Pechev, 2008a).  
 
As shown in Figure   4-6 and Figure   4-15, the radial distribution of soil reaction to the flexible wheel 
circumference during driving situation can be expressed by the wheel normal stress and shear strength 
around the contact parts (Favaedi and Pechev, 2008a). 
 
( ) ( ) ( ) ( )
( ) ( ) ( ) ( )
1
2
1 1
2 2
cos sin
cos cos sin
df
df df
df
df
w B L d
B L d L d
θ
θ
θ θ
θ θ
σ θ θ τ θ θ θ
σ θ θ σ θ θ τ θ θ θ
−
− −
= +
+ + +
∫
∫ ∫
  Equation   4-26 
       
Equation 4-26 can be employed to predict the first contact angle of a driven flexible wheel. The vertical 
component of shear stress at the contact area of the section CD can be neglected to simplify the flexible 
wheel-soil interaction model. Subsequently, soil sinkage, motion resistance, drawbar pull and the overall 
performance of the flexible wheel can be calculated.                                  Prediction of tractive performance for flexible wheels  
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Figure   4-15: Determination of the first contact angle 
 
4.7. Soil thrust and Drawbar pull for flexible wheels 
 
Shear strength at section CD can be derived by Equation 4-27 (Favaedi and Pechev, 2008a). It depends on 
the contact angle between the wheel and the soil. Shear strength increases with the angleθ . 
 
( ) ( ) 1 1 tan 1
jCD
k
c e τ θ σ θ φ
−  
= + −     
 
          Equation   4-27 
 
Therefore, the soil trust for the flexible wheel along section CD can be written by the following equation 
(Favaedi and Pechev, 2008a): 
 
( )
1
1 1 cos ( )
df
B d H s L
θ
θ θ θ τ θ = ∫             Equation   4-28 
 
The soil thrust in section BC is determined by the shear strength of the terrain and the contact area. The 
pressure distribution is uniform and the soil thrust increases by θ  with the increase of shear displacement. 
Soil thrust in section BC can be derived by Equation 4-30 (Favaedi and Pechev, 2008a). 
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( ) ( )tan 1
jBC
k
df df c e τ θ σ θ φ
−  
  = + −    
 
        Equation   4-29 
 
( )cos ( )
df
df
df df B d H s L
θ
θ θ θ τ θ
− = ∫           Equation   4-30 
 
  ( ) ( ) 1 2 2 tan C C y df L L b df θ = = −           Equation   4-31 
 
Along section AB, both the normal pressure and the shear stress decrease due to the decrease of the shear 
displacement. The soil thrust in this section can be determined by following equations: 
 
( ) ( ) 2 2 tan 1
jAB
k
c e τ θ σ θ φ
−  
= + −     
 
          Equation   4-32 
 
( )
2
2 2 cos ( )
df
B d H s L
θ
θ θ θ τ θ
−
− = ∫            Equation   4-33 
 
Finally, by adding the soil thrust of all sections together, the soil trust for the whole flexible wheel can be 
calculated from Equation 4-34 (Favaedi and Pechev, 2008a). 
 
1 2 ( ) ( ) ( ) ( ) f df H s H s H s H s = + +           Equation   4-34 
 
Drawbar pull (DP) is the difference between the soil thrust H and the motion resistance R (Bekker, 1956, 
Bekker, 1969). 
 
( ) DP H s R = −               Equation   4-35 
 
  c b r g R R R R R = + + +               Equation   4-36 
 
The bulldozing resistance ( b R ), rolling resistance ( r R ) and gravitational resistance ( g R ) equations are the 
same as rigid wheel bulldozing and rolling and gravitational resistance equations, which are described in 
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bulldozing resistance of the rigid wheels. Figure   4-16 shows the bulldozing resistance for the flexible 
wheel-2 and the rigid wheel-2, as the figure shows the flexible wheel has a less bulldozing resistance than 
the rigid wheels due to the low ground pressure of the flexible wheels. 
 
 
 
Figure   4-16: Bulldozing resistance  
 
4.7.1. Compaction resistance 
 
The  compaction  resistance  for  a  flexible  wheel  can  be  obtained  by  following  equations  (Favaedi  and 
Pechev, 2008a): 
 
1
1 1( )sin
df
c R B L d
θ
θ σ θ θ θ = ∫             Equation   4-37 
2
2 2( )sin
df
c R B L d
θ
θ σ θ θ θ
−
− = ∫             Equation   4-38 
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There is no compaction resistance on the middle section. Practical experiences indicate that the wheel 
grousers  develop  additional  tractive  effort  (Wong,  2008).  The  grouser  tractive  effort  equation  for  the 
flexible wheels is the same as the rigid wheel one that is described in the preceding chapter. The only 
difference is the number of the grousers which can produce the grouser tractive effort. The flexible wheel 
grousers can be more than one in the middle section. This is due to the fact that both of the wheels use the 
theory of the passive earth pressure which can be used in the prediction of the forces acting on a soil cutting 
blade. 
 
4.7.2. Grousers resistance 
 
The grousers also produce compaction resistance due to the slip sinkage. The grouser resistance is called 
the additional compaction resistance or slip compaction resistance in this study. To calculate the grouser 
compaction resistance, the total sinkage  tf Z  has to be determined. 
0 tf df Z Z Z = +                Equation   4-40 
 
 
 
Figure   4-17: Grousers resistance 
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The  total  sinkage  is  expressed in terms  of the  wheel  parameters  (diameter  and  width) and the  terrain 
properties  (friction  modulus,  cohesive  modulus  and  soil  deformation  coefficient)  and  comprises  the 
dynamic and the static sinkage. 
The value of the grouser compaction resistance cgf R  is calculated by Equation 4-43 and is equivalent to the 
vertical work done by the grouser of widthB . 
 
tf
gf
Z n c
cgf Z
s
k
R B k Z dz
B
φ
 
= +  
  ∫             Equation   4-41 
 
1 1
1 1
n n
tf gf
cgf
Z Z
R BK BK
n n
+ +
= −
+ +
            Equation   4-42 
 
  gf tf g Z Z l = −                 Equation   4-43 
 
The total compaction resistance equals to following equation:  
 
ctf cf R R = + cgf NR               Equation   4-44 
The total number of the grousers (N ) in contact area for flexible wheels is more than the rigid wheels. 
Equation 4-43 can explain the experimental behaviour of the compaction resistance at higher slip ratio for 
the flexible wheels. Therefore the overcall drawbar pull for a flexible wheel that has grousers equals to:   
 
( ) ( ) f f g cgf cf b r g DP s H s NF NR R R R R = + − − − − −       Equation   4-45 
 
Where, N is the number of grousers in the contact patch and  ctf R is the total compaction resistance. In the 
drawbar pull equation, the grouser tractive effort, the bulldozing resistance and the gravitational resistance 
for the flexible wheels are the same as the rigid wheels. However, the number of grouser in the contact area 
is different with the rigid wheels that will affect the slip resistance.  
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Figure   4-18: Slip compaction resistance of flexible wheel-2;  
‘R’: rigid wheel, ‘F’: flexible wheel                                 Prediction of tractive performance for flexible wheels  
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Figure   4-19: Compaction resistance of flexible wheel-2;  
‘R’: rigid wheel, ‘F’: flexible wheel.                                 Prediction of tractive performance for flexible wheels  
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Figure   4-18 illustrates relationships between the slip compaction resistance and the slip ratio. The slip 
compaction resistance is caused by the slippage and the dynamic sinkage. Figure   4-19 shows the total 
compaction resistance; as shown in the figure and Equation 4-45, the total compaction resistance slightly 
increases by the slip ratio. Also, the flexible wheel has less compaction resistance due to low amount of 
sinkage. 
 
Figure   4-20 illustrates the draw bar pull and compaction resistance versus slippage for a flexible wheel-1 
and a rigid wheel-1. In this analysis, both wheels move on a MSS-D soil surface. As indicated in the results, 
the flexible wheel has better tractive performance. The flexible wheel has less compaction resistance and 
hence larger values for the drawbar pull in comparison to the rigid wheel with the same dimension; hence a 
much  improved  performance  is  achieved  by  the  flexible  wheel  according  to  the  mathematical  models 
developed in this study and the corresponding numerical results. The increase of 30% in the drawbar pull 
was observed for the MSS-D soil and wheel-1. 
 
Moreover, the drawbar pull increases with the slip ratio. The behaviour of drawbar pull versus slippage can 
described by the soil shear displacement in the longitudinal direction of the wheel, which increases with 
increasing  the slip ratio as seen in the Figure   4-8, Figure   4-9 and Figure   4-10. 
 
Figure   4-21compares the model presented in this paper to the classical model which was presented by 
Wong (Wong, 2001). The dynamic characteristics of the tractive performance are not addressed in the 
Wong’s model. The figure shows that our proposed model is up to 10 percent closer to experimental results 
depicted in Chapter 5. This is mainly due to the fact that our approach in modelling dynamic sinkage and 
slip resistance yields closer results to the experimented results. Moreover, the radius of the deformed wheel 
is not the same as the radius of the undeformed wheel. Unlike the Wong’s model, this change has been 
considered in our model.                                 Prediction of tractive performance for flexible wheels  
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Figure   4-20: Predicted drawbar pull and predicted compaction resistance 
 ‘R’: rigid wheel, ‘F’: flexible wheel 
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Figure   4-21: Comparison of predicted values of drawbar pull for flexible wheel 2 
 
4.8. Driving torque 
 
The flexible wheel driving torque can be determined as: 
 
( ) ( )
1 2 2
1 ( )
df
df df
df T s B L d B L d
θ θ
θ θ τ θ θ τ θ θ
− = + ∫ ∫         Equation   4-46 
Figure   4-22 shows the torque for flexible wheel 2 and MSS-D. As shown in the figure the torque non-
linearly increases in increase of slip ratio in both of wheel loadings. 
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Figure   4-22: Torque; “F”: Flexible wheels 
 
4.9. Flexible wheel in tandem  
 
A tandem configuration means the wheels following each other in the same trace on left-hand and right-
hand sides. Since sinkage obviously affects compaction resistance. The ways wheels are in sequence in a 
vehicle have an effect on the total compaction resistance of the vehicle (Bekker, 1956).  
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Figure   4-23: Flexible wheel in tandem  
 
The loads acting on the front and rear axles are w andw′ respectively.  As shown in Figure   4-23 the radius 
and sinkage of the front and rear wheels areL ,  0 Z  andL′,  0 0 Z Z ′ +  respectively. By using the proposed 
pressure-sinkage and the weight equations for flexible wheels, the entry angles of the front and the rear 
wheels at rest stage can be calculated by following equations: 
 
                 
( )
( )
( )
1
2
1 1
1 1
2 2
cos cos cos
cos cos cos
cos cos( ) cos
df
df
df
df
n
n
df df
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df df
w BK L L L d
BK L L L d
BK L L L d
θ
θ
θ
θ
θ
θ
θ θ θ θ
θ θ θ θ
θ θ θ θ
−
−
−
= +
+ − +
−
∫
∫
∫
      Equation   4-47 
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1 1
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−
′ −
′ −
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      Equation   4-48 
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By solving the weight distribution equations numerically for front and rear wheels,  1 θ  and 1 θ′′  are found 
and subsequently, the sinkage   0 Z  and  0 Z′  can be calculated from following equations. 
 
0 1 1 cos cos df df Z L L θ θ = −             Equation   4-49 
 
0 1 1 cos cos df df Z L L θ θ ′ ′ ′ ′ ′′ = −             Equation   4-50 
 
Therefore, the compaction resistance is expressed by following equation: 
 
( ) 0
1
0 0
0 1
n
Z n Z Z
R BKz dz KB
n
+ ′ +
= ==
+ ∫           Equation   4-51 
 
In addition, bulldozing occurs for the front wheels only as the rear wheels typically follow in the tracks 
made by the forward wheels.  Equation 4-49 and Equation 4- 52 show, overloading the front axle increases 
the compaction resistance.  
 
4.10. Summary 
 
This chapter presented the analytical models that predict the tractive performance for the metal flexible 
wheels.  Subsequently,  the  analysis  of  soil  sinkage,  motion  resistance,  drawbar  pull  and  the  overall 
performance of the flexible wheels was discussed. The metal flexible wheels are alternatives for planetary 
rovers that provide a larger contact patch area than rigid wheels to improve the tractive performance. Also, 
flexible wheels have less compaction resistance than rigid wheels due to flexible wheel’s low sinkage and 
ground pressure.  
 
The  proposed  flexible  wheels-soil  traction  model  (FTM)  predicts  the  tractive  performance  of  flexible 
wheels by using the geometric model of the wheel in deformation. The proposed model characterises the                                 Prediction of tractive performance for flexible wheels  
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tractive capability of flexible metal wheels operating in sandy surface conditions. The proposed model also 
illustrates  that  by  increasing  the  contact  area  between  the  flexible  wheel  and  terrain,  sinkage  and 
compaction resistance are reduced and as a result the tractive force is increased.  
 
Table   4-1: Final derived FTM 
 
 
Static sinkage 
 
Dynamic sinkage 
 
Static  
compaction 
resistance 
 
Slip resistance 
 
 
Soil thrust 
 
Drawbar pull 
 
FTM 
Equation 4-1 
Equation 4-3 
Equation 4-5 
 
 
FTM 
Equation 4-18 
 
FTM 
Equation 4-39 
 
FTM 
Equation 4-42 
 
FTM 
Equation 4-34 
 
FTM 
Equation 4-45 
 
 Furthermore, the proposed model addresses several problems associated with the interaction between the 
flexible wheel and sandy surface, which include the slip (dynamic) sinkage and slip compaction resistance. 
The previous works done by other researchers cannot justify the slip compaction resistance at high slip 
ratios. The dramatic increase of the slip sinkage versus slippage is also unexplained. The proposed model 
deals with all these problems. The model derives the slip sinkage for both smooth and grouser wheels by 
using the geometric of the flexible wheel, the shear displacement and the volume of soil lying under the 
contact area between the wheel and terrain. This model can explain the behaviour of slip sinkage at high 
slip  ratios.  It  computes  the  slip  compaction  resistance  and  is  able  to  describe  the  behaviour  of  the 
compaction  resistance  at  high  slip  ratios.  The  presented  results  closely  match  experimental  data.  The 
validation of the proposed models for both the rigid and the flexile wheels are presented in the following 
chapter. Table   4-1shows the final derived FTM. 
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Chapter 5 
 
 
5.  Validation of the traction models 
 
It is essential to validate the wheel-soil models in laboratory conditions. To achieve this objective, the 
proposed analytical models developed in this study are compared with the experimental results from a 
single wheel testbed (SWT). The SWT has been developed at DLR (Deutsches Zentrum fuer Luft-und 
Raumfahrt) in Germany. The experimental set-up can research and reproduce the locomotion performance 
of  test  wheels  in  different  driving  situations  on  variable  kinds  of  soil.  In  this  chapter,  the  proposed 
analytical models for both rigid and flexible wheels are evaluated and are compared against experimental 
results. In addition, numerical simulations are conducted in order to validate the rigid wheel model. 
 
5.1. Validation of the models with single wheel testbed results 
 
The testbed includes a soil bin of size (1.5 0.6 0.5 × × ) m, a rail system and a sled. Wheel vertical position 
is sensed by a potentiometer to measure the wheel sinkage. Effective vertical load on the test wheel is 
prescribed by a counter mass and a series of masses near the test wheel. The load cell measures the normal 
wheel load. Sled motion on the rail is accomplished by the drive acting on one of the two sled axles with 
real-time control of the driving speed according to the user-defined nominal translational sled speed. A 
torque sensor measures the torque applied to the wheel. The longitudinal force between test wheel support 
and the sled is measured by a load cell. This force coincides with the wheel motion resistance if the wheel 
is  not  powered  and  with  the  drawbar  pull  if  the  wheel  is  powered.  The  test  wheel  rotation  speed  is 
controlled in real-time separately from the sled speed controller, according to user-defined nominal test                                                    Validation of the traction models  
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wheel slip, which is converted into a nominal test wheel rotation speed. Post-test reconstruction of actual 
slip values is achieved by the SWT, from the measured test wheel rotational speeds (from encoder pulse 
counts) and sled translational speeds (from encoder pulse counts), with the latter coinciding with test wheel 
translational speeds. 
 
 
 
Figure   5-1: View of SWT  
 (Richter et al., 2006b) 
 
In the experiments reported here, DLR Martian soil simulant (MSS-D) is used. The ExoMars flexible wheel 
design developed by DLR (referred to as “OSZ”   in the graphs and the flexible wheel 2 in this study) and a 
corresponding rigid wheel with the same dimensions (referred to as “ESA” in the graphs and the rigid 
wheel 2 in this study) were evaluated on the same testbed terrain. The velocity of the wheels was set to 10 
mm/s with slip ratios of0 100% − . Locomotion parameters such as the drawbar pull, torque and sinkage                                                    Validation of the traction models  
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were recorded for a broad range of wheel loads. The data were collected for each set while varying wheel 
slip, wheel load, and wheel design. To evaluate the flexible and rigid soil interaction models, numerical 
results were obtained to analyze the response of both the flexible and the rigid wheels on the MSS-D terrain 
profile for the same set. 
 
The results shown in Figure 5-2 indicates that the flexible wheel drawbar pull is increased by at least 10N 
compared  to  the  rigid  wheel  with  the  same  dimension  in  both  experimental  and  analytical  results. 
Concerning the results for the wheels drawbar pull, the predicted curves from the models show a curve 
progression which is slightly higher than the measurement results. This is due to the bulldozing resistance 
and the rolling resistance which are not included in the results. Moreover, this can be due to the internal 
motion resistance of the both flexible and rigid wheels and also due to the variation between the analytical 
and  the  actual  deformation  of  the  flexible  wheel.  The  vertical  deformation  of  the  flexible  wheel  was 
calculated analytically and numerically but it can be slightly different with the actual deformation due to 
complex shape of the flexible wheel. Translational velocity of the wheel can also explain the difference 
between the results of the proposed models and the experimental data. Wheel translational velocity has an 
influence on motion resistance which is not modelled in the classical terramechanical theories, RTM and 
FTM.  Modelling  wheel  velocity  in  wheel-soil  interaction  models  can  have  a  significant  contribution 
towards improving the prediction of the tractive effort. Finally, the depth of sand is an important factor in a 
testbed which can affect the results. If the depth of sand is not sufficient, the walls of the testbed can have 
an influence in the results (Irani and Bauer, 2010). However, as explained above the main factor that might 
explain the differences between the predicted results and experimental results is the motion resistance. 
 
The classic view does not match with experimental data. In the classic view the compaction resistance 
increases dramatically at high slip ratios and causes the drawbar pull decreases rapidly at the high slip 
ratio(Figure   3-23), but the analytical models which are developed in this study can explain the behaviour of                                                    Validation of the traction models  
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the drawbar pull at high slip ratios. Figure   5-2 shows that drawbar pull increases in increase of slip ratio 
and reaches to its maximum value at high slip ratio. 
 
Figure 5-3 illustrates that the torque is slightly higher for the flexible wheel mainly at low slip ratios and 
high wheel load ranges in both measured and predicted results. 
 
As shown in Figure 5-4, the rigid wheel sinkage is considerably higher compared to the flexible wheel. The 
sinkage of the flexible wheel is only slightly raised by the increase of the wheel’s load. This is due to the 
decrease in dynamics sinkage and the ground pressure in the flexible wheel. 
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Figure   5-2: Measured (above) and predicted (below) drawbar pull; 
 ‘R’: rigid wheel, ‘F’: flexible wheel                                                    Validation of the traction models  
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Figure   5-3: Measured (above) and predicted (below) torque; 
‘R’: rigid wheel, ‘F’: flexible wheel                                                    Validation of the traction models  
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Figure   5-4: Measured (above) and predicted (below) sinkage; 
‘R’: rigid wheel, ‘F’: flexible wheel 
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5.1.1. Rover Physical Model 
 
Solero  (Solar-Powered  Exploration  Rover)  was  developed  by  EPFL  (Ecole  Polytechnique  Federale  de 
Lausanne (Swiss Federal Institute of Technology Lausanne) in Switzerland and vH&S (Von Hoerner & 
Sulger) in Germany under contract to the European Space Agency (ESA). It is a parallelogram rocker 
design with a front fork. As Figure 5-5 shows, the design has six independently driven wheels mounted on 
an articulated frame. There is one wheel mounted on a fork in the front and one wheel in the back and two 
bogies on each side. Each wheel has an individual motor. The parallel bogies and spring suspended fork in 
ground contact provide an excellent climbing capability for Solero. 
 
 
 
Figure   5-5: Solero CAD model 
(Patel, 2005) 
 
The Solero has a mass of 12 kg, without the solar panel.  This mass was adopted as the total rover mass in 
the simulations because the DLR Solero rover did not have the solar panel.  The rover dimensions are 88cm 
in length, 40 cm in width and 38 cm in height. In addition the wheel diameter and width are 15 cm and 9.3 
cm respectively.  
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5.1.2. Solero at SWT 
 
As  shown in Figure 5-6 , the Solero wheel was tested in the SWT and the drawbar pull of the powered 
Solero wheel was measured in the SWT on soil MSS-C (Richter et al., 2006b).  
 
 
 
Figure   5-6: Solero wheel in SWT 
 (Richter et al., 2006b) 
 
Figure 5-7 shows the drawbar pull versus slippage in the single wheel testbed and the classic analytical 
results without considering the slip compaction resistance for the powered Solero wheel. Figure 5-8 shows 
the results of the drawbar pull versus slippage from the proposed model in this study with consideration of 
the slip compaction resistance and the dynamic sinkage. By comparing  Figures 5-7 and Figure 5-8, it is 
obvious that the proposed rigid wheel model (RTM) can predicate drawbar pull with much less error than 
any of the classic methods.  
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Figure   5-7: Solero wheel drawbar pull vs. slip at 15 N wheel load in MSS-C soil 
 (Richter et al., 2006b) 
      
 
Figure   5-8: Predicted Solero wheel drawbar pull vs. slippage by the proposed model (RTM)                                                    Validation of the traction models  
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5.2. Validation of the models with 3D simulation 
 
The  analytical  results  from  the  rigid  wheel  traction  model  were  evaluated  with  3D  simulations.  The 
validation was based on a physics-based model of the rover and allows a rover to perform a mission while 
clearly considering constraints such as power, wheel slip and vehicle stability limits. 
 
5.2.1. Rover Simulations Methodology 
 
The simulation methodology was the same as a rover system-level testbed (SLT) which has been developed 
at DLR (Richter et al., 2006b). Solero CAD model which is used in this study was modelled in Solid works 
by Patel (Patel, 2005). Solero was placed on a flat DLR soil stimulant B surface and a cable reel was 
attached to the Solero. A number of test runs have been conducted with different braking forces (drag 
forces) applied to the cable reel. For each test run, the rover moved against the braking force that was not 
deliberate (this can apply the different amount of slippage). 
 
 
 
Figure   5-9: Solero with spring cable 
 
COSMOSMotion (Solidworks, 2006) is the software that was employed to simulate the Solero rover. DLR 
soil simulant B parameters were used as a guide to specify the reference soil for the rover locomotion                                                    Validation of the traction models  
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analysis.    Moreover,  the  COSMOSMotion  software  requires  additional  parameters  such  as  friction 
parameters and the ground interaction parameters defining how the DLR soil simulant B interacts with an 
aluminum wheel. Table 5-1 illustrates the friction parameters between two materials.  
 
Table   5-1: Friction Parameters 
 
Material 1  Aluminum (Dry) 
Material 2  DLR Soil Simulant B 
Static Velocity (mm/s)  0 
Dynamic Velocity 
(mm/s)  0.4 
uStatic  0.29 
uDynamic  0.19 
 
The ground interaction parameters, such as stiffness and soil damping can be calculated from the following 
equations: 
 
Stiffness (K): The stiffness is the ratio of the force to displacement (Whitlow, 1995): 
 
2
2
1
s
rE
K
v
=
−
                Equation   5-1 
 
Where  s K  is stiffness,v is Poisson’s ratio and E  is Young’s modulus 
 
 However Fiedler have developed the following experimental formula (Fiedler et al., 1998): 
 
2
1.77
1
s
rE
K
v
=
−
                Equation   5-2 
 
The experimental equation is employed to compute the soil stiffness. Table 3-2 and Table 5-2 show the soil 
MSS-B parameters. 
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Table   5-2: Soil parameters 
 
Soil  DLR soil simulant B 
Elastic Modulus      
2 mm
N
  0.6 
Poisson’s Ratio  0. 35 
Yield Stress          
2 mm
N
  0.05 
 
Soil Damping: The other ground interaction parameter is soil damping which is calculated by (Lysmer, 
1965): 
 
s z G
v
r
C ρ
−
=
1
4 . 3
2
                  Equation   5-3 
 
Where  z C  is soil damping,  s ρ  is soil density and G is the modulus of rigidity. 
 
( ) 2 1
E
G
ν
=
−
                Equation   5-4 
 
5.2.2. Simulations results 
 
The simulations aim was to determine out the drawbar pull and slip. As shown in Figure 5-9, the cable 
reaction force is measured during the simulation to determine the spring force (Drawbar pull).  
 
The angular velocity for each wheel was set to 40.95 deg/s (50 mm/s) and free load spring was attached to 
the rover. The attached cable can demonstrate 100 percent slippage when the rover could not move forward. 
The spring force (DP) was recorded as shown in Figure 5-10.  
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Figure   5-10: Measured spring force 
 
To calculate the slippage during the simulation, the forward velocity for each wheel was obtained. The 
slippage of each wheel can be calculated from the Equation 5-5 at distinct times from the angular velocity, 
linear velocity and the wheel radius.  
 





 − =
ω r
v
s 1                 Equation   5-5 
 
To find the rover slippage, the average slip for all six wheels was calculated. 
 
Table   5-3: Average slip of each wheel 
 
Rover wheel  Slip % 
Left Back (LB)  59.85% 
Right Back (RB)  51.47% 
Right Front (RF)  52.57% 
Left Front (LF)  60.20% 
Front (F)  68.06% 
Back (B)  90.59% 
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As shown in Table   5-3, the Back wheel has a much higher slippage; this is caused by the cable which was 
attached to the rover. The rover average slippage was 63.79%; consequently the cable force shows the 
drawbar pull at the average slippage of 63.79%. Figure 5-11 shows the predicted DP from the rigid wheel 
traction model (RTM) for Solero.  Figure 5-10 and Figure 5-1l illustrate a close comparison between the 
analytical model and simulation results. Soil particle cannot be modelled in COSMOSMotion. As a result, 
the sinkage cannot be modelled. This can explain the error between the predicted results and the simulation 
results. 
 
 
 
            Figure   5-11: Predicated DP from RTM for Solero rover 
 
5.3. Summary 
 
This chapter discusses the validation of rigid wheel and flexible traction models (RTM and FTM). The 
models has gone through several stages of validation, with regards to measurements conducted on single 
wheels, on complete vehicles under controlled conditions in testbed and the simulation software. In overall, 
validation was performed for rigid wheel 2, flexible wheel 2, the Solero wheel and the Solero rover. The                                                    Validation of the traction models  
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results of the proposed flexible wheel-soil traction model explain the behaviour of the drawbar pull at high 
slip ratios and match with up to14% deviation from experimental results. Principal innovations in the rigid 
wheel traction model (RTM) indicate a non-linear description of wheel slip-sinkage as a function of slip 
and  an  additional  compaction  resistance  as  a  functional  slip.  The  improvements  closely  match  the 
experimental results.                                                                                               Control of slippage 
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Chapter 6
 
 
6.  Control of slippage 
 
The wheeled rovers should be controlled automatically to obtain the optimal effective tractive effort when 
the rover is moving on an unknown terrain or a sloped terrain. The surface of Mars is covered with loose 
soil, rocks, stones, and boulders. On such challenging terrain, the wheels of the rover can easily slip and 
stick  on  loose  soil.  For  wheeled  rough  terrain  rovers,  the  motion  optimisation  is  somewhat  related  to 
minimising  the  slip  (Lamon  et  al.,  2004,  Bauer  et  al.,  2005).  Minimising  wheel  slip  not  only  limits 
odometric error but also increases the robot's climbing performance. The wheel encoder data proves be 
incompetent in predicting slip on unknown terrains as exemplified by the MER – Opportunity and the 
MER-Spirit on Mars. The model-based control methods which is based on the wheel-soil interaction model, 
is a robust method for predicting the wheel slippage if the terrain parameters are estimated.  
 
A key parameter in the minimization of the slip is the contact angles between the wheel and the ground in 
the model-based control. By knowing the entry contact angle, the slippage can be predicted and controlled 
by reducing the velocity of the wheel. Contact angles between the wheels and terrain are a key variable for 
traction algorithms (Sreenivasan and Wilcox, 1994, Dubowsky et al., 1995, Farritor et al., 1998, Iagnemma 
et al., 2002). Since physical measurement of these angles is difficult in practice, researchers have suggested 
installing costly and complex multi-axis force sensors for this purpose (Sreenivasan and Wilcox, 1994). 
 
This chapter employs the wheel traction models (RTM and FTM) proposed in chapter 3 and chapter 4 to 
calculate and estimate the entry contact angles and overall tractive performance of the rovers. The slippage 
control  system  is  developed  by  using  the  traction  models  to  predict  the  wheel  slippage.  The  control                                                                                               Control of slippage 
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methodology minimises the slippage of the wheeled rovers for an unknown terrain or suggests the rover to 
avoid  the  planned  path  in  order  to  prevent  an  extreme  slippage  of  wheels.  The  proposed  control 
methodology considers the longitudinal slippage of the wheel and other aspects of the rover traction control 
are out of scope of this study. 
 
To validate that, the tractive performance for a 1.96 KN weight wheeled rover with four-wheel drive system 
is  simulated.  The  rover  is  assumed  to  be  moving  uphill  during  driving  action  on  a  sandy  slope.  The 
relationship among the effective tractive effort of the rover and the effective driving force of the wheels are 
analysed by using a custom build simulation environment for this task. To analyse the optimal tractive 
effort, the amount of static and dynamic sinkage of the wheels and the slip ratio of them are investigated. 
The effects of the slope angle and torque resistance are also examined. The results presented in this chapter 
show that the flexible wheels have less slippage than rigid wheels in the same condition. This is because the 
tractive effort of the flexible wheel is more than the tractive effort of the rigid wheel under the same 
condition. 
 
6.1. Rover configuration 
 
Two rovers are considered in this study. Rover-1 includes rigid wheels and rover-2 comprises flexible 
wheels. However, both of them have similar configuration apart from their wheels. Each rover has four 
driven metal wheels. 
 
6.1.1. Rover dynamics 
 
In this section, a dynamics model is developed for a rigid body rover in planar motion. The equations of 
motion in rover dynamic are expressed in the rover coordinate frame which is attached to the central of 
mass. Rovers’ body and wheels forces are shown in figure 6-1 and figure 6-2. The position and orientation 
of the rover coordinate frame is measured with respect to a grounded fixed coordinate frame.                                                                                                Control of slippage 
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Figure   6-1: Rover-2 during driving action; 
 indicated by its body coordinate frame B in a global coordinate G 
 
Forces and torques acting on each wheel (Jazar, 2008)can be described as: 
 
Rx Ry Rz F i F j F k F
∧ ∧ ∧ = + +             Equation   6-1 
 
Rx Ry Rz M M i M j M k
∧ ∧ ∧ = + +            Equation   6-2 
 
￿  Rx F   is  longitudinal  force  that  acting  along  the  x-axis.  The  resultant  0 Rx F >   if  the  rover  is 
accelerating and  0 Rx F <  if the rover is braking. Longitudinal force is also called forward force or 
traction force. 
 
￿  Ry F is lateral force that is an orthogonal force to both  Rx F  and  Rz F . Lateral force is usually a result 
of steering and is the main reason to generate a yaw moment and turn a rover. 
 
￿  Rz F  is normal force that normal to ground plane . The normal force is also called vertical force or 
rover load.                                                                                               Control of slippage 
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￿  Rx M  is roll moment that is a longitudinal moment about the x-axis . The roll moment is also called 
over turning moment. 
 
￿  Ry M  is pitch moment is lateral moment about y-axis.  
 
￿  Rz M is yaw moment. It is a moment about z-axis. The resultant  0 Rz M >  if the wheel tends to turn 
about z-axis.   
 
 
Figure   6-2: Rover kinematic parameters and forces acting on each wheel  
during climbing up a slope 
 
Forces acting on the rovers comprise gravity, a wheel-traction, a wheel motion resistances and a normal 
force.  There  are  other  disturbance  forces,  e.g.,  wind  resistance  which  are  ignored  in  this  study.  The 
travelling  velocity  of  the  planetary  rovers  is  relatively  slow  thus  the  aerodynamic  effect  can  also  be 
neglected. The body of rovers are assumed to act similar to a rigid body on a terrain without any steering 
system (Ward and Iagnemma, 2007).  
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Where m is total rover mass and g is Earth acceleration.  
 
motion ct b r R R R R = + +               Equation   6-4 
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Assuming the rover’s axis of yaw rotation is approximately at the centre of mass. Thus, any yaw moment 
due to gravity or wheels slippage is considered. The vehicle’s yaw acceleration is determined as following 
equation: 
 
1 4 2 3
sin
( ) wx wx wx wx
z
d
F F F F
I
γ
ψ
••
= + − −         Equation   6-6 
 
z I is the rover moment of inertia about the body z-axis and  d  is the distance between each wheel centre 
and the rover central of mass and γ is an angle between the traction force and line d (Figure   6-2). 
 
6.1.2. Normal forces 
 
To obtain normal forces, it is assumed that the rover longitudinal acceleration is negligibly small, which is 
generally  valid  for  slow-moving  rovers  (Ward  and  Iagnemma,  2007).  The  normal  forces  according  to 
Figure   6-2 are derived by following equations: 
 
1 3
cos sin
4
aw wh
FN FN
a
α α −
= =           Equation   6-7 
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2 4
cos sin
4
aw wh
FN FN
a
α α +
= =           Equation   6-8 
 
6.2. Slippage 
 
 Slip generally occurs when a rover travels on loose soil.  Slip in the longitudinal direction is expressed by 
the slip ratio, which is identified as a function of the longitudinal travelling velocity of the wheel (  wx v ) and 
the angular velocity of the wheel (rω ). 
 
1
wx v
s
rω
= −    when   wx r v ω >  at driving situation  
1
wx
r
s
v
ω
= −    when   wx r v ω <  at braking situation  
 
Slip in lateral direction is expressed by the slip angle  β  (Ishigami, 2008). The lateral slip occurs during 
steering or slope-traversing manoeuvres which is identified as a function of the longitudinal velocity of the 
wheel (  wx v ) and the lateral velocity of the wheel (  wy v ). Figure   6-3 shows slip angle of the flexible wheel. 
 
 
 
Figure   6-3: Diagram showing slip angle and lateral velocity due to steering                                                                                               Control of slippage 
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1 tan
wy
wx
v
v
β
− =                 Equation   6-9 
 
6.3. Mobility and Trafficability limitation  
 
There  are  two  criteria  that  must  be  considered  when  a  rover  traverses  a  slope.  One  of  the  criteria  is 
“Mobility limit” and the other is “Trafficability limit” (Ishigami, 2008). 
 
The mobility limit emerges when the torque resistance is larger than the torque limit of a wheel driving 
motor.  
 
Mobility limit: Torque resistance ≥ motor torque limit  
 
While a rover travels on an inclined surface, the slip ratio will be increased. Therefore, as described in 
Chapter 3 and Chapter 4 the torque resistance increases as the slip ratio increases. If the torque resistance 
becomes larger than the torque limit of the wheel motor subsequently, a wheel driving motor will be 
suspended. In that case, the torque resistances of the other wheels will increase until all the wheels will be 
suspended.  
 
Trafficability can be defined as a rover’s ability to traverse soft soils without loss of traction. Trafficability 
of sandy soils depend upon the soil parameters and the wheel characteristics. When a rover climbs a hill or 
a crater the traction load increases along with slope angle. Therefore, the total drawbar pulls of the wheels 
should overcome the traction load in order to climb up. 
 
1 2 3 4 sin W DP DP DP DP α = + + +           Equation   6-10 
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6.4. Control algorithm and results 
 
This section describes an algorithm that can be used to predict the wheel’s sinkage and hence to control and 
regulate the wheel’s slippage. The aim is to improve the mobility of the rover on off road terrains. The 
control  algorithm  considers  the  physical  characteristics  of  the  rover  and  the  characteristics  of  the 
environment. Wheel sinkage is a key variable in calculating vehicle-terrain interaction. A wheel sinks in 
sandy soils and reaches a sufficient depth which leads an inability to move; this is referred to a critical 
sinkage. 
 
The flexible wheel can sometimes act as rigid wheel. Two key factors have to be considered in defining the 
wheel’s flexibility: average ground pressure on hard soils and the critical pressure of the soil. When a 
flexible wheel is running upon a terrain, if the average ground pressure of the wheel  gr p  (the pressure 
produced by the stiffness of the wheel) is greater than the maximum pressure that terrain can support at the 
lowest point of the wheel circumference, the wheel remains round and operates as a rigid wheel. Otherwise 
the wheel acts as a flexible wheel and thus it will change its shape. 
The average ground pressure on hard soil can be determined from the following equation by knowing the 
flat contact patch between the flexible wheel and ground (Wong, 2001). 
 
gr
C
w w
P
A L B
= =
×
              Equation   6-11 
 
The critical pressure is calculated from Equation 6-12 compared with the average ground pressure in the 
proposed control algorithm (Wong, 2001).  
 
   
2 1
2 1 2 1 3
(3 )
n
n n
c
gcr
K w
P K
B n B D
φ
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        Equation   6-12 
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Table 6-1 and table 6-2 show  gr P for flexible wheel 1 and flexible wheel 2 for the selected mass. These 
masses are the effective vehicle mass acting on each wheel. Tables 6- 3 and 6-4 illustrate  gcr P for flexible 
wheel 1, flexible wheel 2 and the selections of soil database. If the average ground pressure is less than the 
critical pressure the wheel acts as a flexible wheel. To examine the performance of the wheel, finite element 
analyses were employed to measure the deformation of the flexible wheel ( y df ); in a practical scenario this 
information is provided by a sensing system mounted on the wheel.  
 
Table   6-1: Average Ground pressure  gr P  on a hard ground wheel 1 
 
  Wheel 1 mass=50kg 
Earth  63.17 KPa 
Mars  24.01KPa 
Moon  10.53KPa 
 
 
Table   6-2: Average Ground pressure  gr P  on a hard ground wheel 2 
 
  Wheel 2 mass=15kg 
Earth  12.26 KPa 
Mars  7.41KPa 
Moon  4.87KPa 
 
 
Table   6-3: Part of Critical pressure  gcr P  data base for flexible wheel 1, mass=50kg 
 
 
 
 
 
  MSS-A   MSS-B  MSS-C  MSS-D  Dry sand  Sandy loam 
Earth  27.48KPa  52.64KPa  39.21KPa  159.00KPa  61.17KPa  89.91KPa 
Mars  16.03KPa  27.07KPa  21.27KPa  74.56KPa  31.45KPa  51.13KPa 
Moon  10.12KPa  15.36KPa  12.63KPa  39.11KPa  17.84KPa  31.61KPa                                                                                               Control of slippage 
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Table   6-4: Part of Critical pressure  gcr P  data base for flexible wheel2, mass=15kg 
 
  MSS-A   MSS-B  MSS-C  MSS-D  Dry sand  Sandy loam 
Earth  14.78KPa  24.50KPa  19.40 KPa  66.55KPa  28.46KPa  46.98KPa 
Mars  8.62KPa  12.59KPa  10.52KPa  31.21KPa  14.63KPa  26.71KPa 
Moon  5.44KPa  7.15KPa  6.25KPa  16.37KPa  8.30KPa  16.52KPa 
 
Researchers estimated online terrain parameter by using on-board robot sensors (Iagnemma et al., 2002, 
Iagnemma et al., 2004).  
 
The  ground  pressure  was  employed  to  estimate  online  terrain  parameters  for  flexible  wheels  in  our 
simulations. The ground pressure is compared to the critical ground pressure database to estimate the soil 
parameters. The ground pressure on the wheel can be measured by a gauge sensor or pressure stress sensor. 
Ground speed sensors such as laser and microwave Doppler sensors can be used to measure actual velocity 
on the off-road terrain (Tunstel and Howard, 2003). 
 
 
 
Figure   6-4: Control algorithm based on ground pressure and wheel deformation 
                                                                                               Control of slippage 
----------------------------------------------------------------------------------------------------------------------- 
137 
 
Figure   6-4 illustrates the control algorithm to avoid the wheel extreme slippage. The proposed method 
calculates the tractive performance of a driven flexible wheel operating on a surface with unknown terrain 
parameters. The algorithm is based on the soil reaction stress and the flexible wheels deformation. The first 
input is the average ground pressure of the flexible wheel on the hard soil gr P , which can be determined by 
knowing the vertical deformation of the flexible wheel. Table 6-1 and table 6-2 respectively show  gr P for 
flexible wheel 1 and flexible wheel 2 for the selected mass. 
 
The second input is the critical pressure gcr P .If the average ground pressure is less that the critical pressure, 
the wheel acts as a flexible wheel. If the average ground pressure is larger than the critical pressure, the 
wheel acts as a rigid wheel. This in turn suggests that the wheel is running on soft sandy soil with less 
ground pressure. The wheel sinkage can be determined by looking at the ground critical pressure database 
for different types of soil. The soil parameters can also be estimated. If the wheel’s sinkage is greater than 
the critical sinkage, alternatives routes will have to be designed and selected by the navigation algorithm. 
Otherwise the rover can follow slip regulation control scenario.  
 
 
 
Figure   6-5: Slip regulation control algorithm 
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The  longitudinal  slip  regulation  control  is  achieved  by  the  adjustment  of  the  wheel  angular  velocity 
(Ishigami, 2008).  
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∧
∧
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 ≤ 
       Equation   6-13 
 
The above equation determines the adjusted angular velocity to minimize the wheel slip. While the slip 
ratio is under the critical slippage, the slip regulation control system takes into account the rover desired 
velocity which is planned for the safe planetary surface. 
 
Three scenarios are discussed in this section for both rover-1 and rover-2. 
 
In the first scenario, both rovers operate on the MSS-D soil under Earth gravity conditions. The rovers 
running on flat surface until t=5 sec and after that begin to climb up a 17- degree slope.  
 
In the case without slip regulation control, the rover-1 is running at 32 mm/s on the flat surface with  less 
than 2 % slippage until the rover-1 begins to climb up the slope at t=5sec. At this time the rover-1 velocity 
reduces to 14mm/s and the slip ratio reaches up to 36 % as shown in Figure   6-6 (a) and Figure   6-7 (a). 
 
Desired slip ratio was initially set to minimum slip ratio of the rover’s wheel before the slip control (which 
is 0.21) and then it was reduced to the lower value. In the case with slip regulation control, the desired slip 
ratio is set to 0.21(Figure   6-6(b)). This means there is no slippage control if the wheel slippage is less than 
desired slippage. Therefore, the sequence is almost the same for rover-1 until t= 5 sec. After that time the 
velocity reduces to approximately 22 mm/s when the rover-1 touches the slope to adjust the wheels slip. 
Figure   6-6: (c) shows the case with the desired slippage of 0.18. In order to adjust the wheels slippage to 
desired slippage, the rover velocity reduces to 20 mm/s (Figure   6-7(c)). 
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Figure   6-8 (a) and Figure   6-9 (a) show the rover-2 operating on the MSS-D soil without any slip regulation 
control. The rover is running at 33 mm/s with less than 1 % slippage on the flat surface until t=5sec. After 
that time the rover- 2 begins to climb up the slope. As a result, rover velocity reduces to 21mm/s and the 
slip ratio reaches up to 15 %.  
In the case with slip regulation control system (Figure   6-8 (b) and Figure   6-9 (b)), the desired slip is set to 
0.1. Therefore,  the sequence is almost the same for the rover-2 until t=5 sec, after this time the velocity 
reduces to approximately 28 mm/s in order to adjust the wheels slippage. Figure   6-8 (c) and Figure   6-9 (c) 
show the results for rover- 2 in slip regulation control modes with the desired slippage of 0.07.  As results 
show the rover velocity reduces to 27 mm/s to regulate the wheels slippage. 
 
In conclusion, the flexible wheels produce better tractive performance compare to the rigid wheel with the 
same condition. As discussed earlier, the motion optimisation is somewhat related to minimizing slip. 
Therefore, rover- 2 (with flexible wheels) has less slippage than rover-1 (with rigid wheels). 
 
In the second scenario, rover-1 operates on the MSS –D under Mars gravity condition. The rover is running 
on a flat surface until t=5 sec and after that time begins to climb up a 17- degree slope.  
In the case without slip control, the rover-1 is running at 36 mm/s on a flat surface until the front wheels 
touches the slope at t=5sec and begins to climb. Rover velocity reduces to 22mm/s. At that time the slip 
ratio reaches up to 34 % (Figure   6-10 (a) and Figure   6-11(a)). 
In the case with slip regulation control, the desired slip is set to 0.18. Therefore, the sequence is almost the 
same for the rover-1 until t= 5 sec. Afterward the velocity reduces to approximately 24 mm/s in order to 
adjust the slip ratio. (See Figure   6-10 (b) and Figure   6-11 (b)). 
 
In conclusion, the rover-1 has less soil thrust under Mars gravity condition due to decreasing the ground 
pressure. However, the rover has less sinkage, compaction resistance and gravitational resistance. This 
scenario can be compared to the rover with the overall load of 744.8 N on Earth. 
                                                                                               Control of slippage 
----------------------------------------------------------------------------------------------------------------------- 
140 
 
In  the  third  scenario,  the  rover-1  is  running  on  a  flat  surface  under  Earth  gravity  condition  with  2% 
slippage. The wheel slip is under the critical slip (desired slippage). As shown in Figure   6-12 and Figure 
  6-13, the rover velocity can be adjusted by desired velocity. Therefore, the rover velocity increases to 49 
mm/s and the slip ratio slightly increases. 
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          (a)    
                                             
 
                                                                                 (b) 
 
          
                                                                                   (c) 
 
Figure   6-6: Wheels slip, rover-1; under Earth gravity condition 
 (a): Without slip control, (b): With slip control, (c): With slip control (lower desired slippage)                                                                                               Control of slippage 
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(a)   
 
 
       (b) 
 
 
         (c) 
 
Figure   6-7: Rover 1 velocity; under Earth gravity condition 
 (a): Without slip control, (b): With slip control, (c): With slip control (lower desired slippage)                                                                                               Control of slippage 
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(a) 
 
 
         (b) 
 
 
(c) 
 
Figure   6-8: Wheels slip, rover 2; under Earth gravity condition 
 (a): Without slip control, (b): With slip control, (c): With slip control(lower desired slippage)                                                                                                Control of slippage 
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        (a) 
 
 
(b) 
 
 
          (c) 
 
Figure   6-9: Rover-2 velocity; under Earth gravity condition 
 (a): Without slip control, (b): With slip control, (c): With slip control(lower desired slippage)                                                                                               Control of slippage 
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          (a) 
 
 
         (b) 
 
Figure   6-10: Wheels slip, rover-1; under Mars gravity condition 
 (a): Without slip control, (b): With slip control 
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         (a) 
 
    
         (b) 
 
Figure   6-11: Rover-1 velocity; under Mars gravity condition 
 (a): Without slip control, (b): With slip control 
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Figure   6-12: Rover-1 velocity 
 
 
Figure   6-13: Wheels slip of rover-1 
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6.5. Summary  
 
Predicting the slip has always been a challenge especially for autonomous planetary rovers. In this chapter, 
a new model-based control approach for slope traverse situation is proposed and detailed. The proposed 
approach employs the wheel traction models (RTM and FTM) in order to predict and control the wheel 
slippage. The proposed wheel traction models are used to predict and control slippage by knowing the 
terrain parameters and the terrain slope. Moreover, the rover dynamic model is used to derive the motion 
dynamic  variables  for  the  rovers.    In  the  numerical  simulation,  the traction  forces  on  each  wheel  are 
calculated by the wheel-soil traction models developed in Chapters 3 and Chapter 4.  These forces are 
incorporated  into  the  forward  dynamics  computation  to  obtain  the  motion  of  the  rover.  The  control 
approach uses the rover dynamics motion to estimate and predict the slippage. It has been demonstrated 
that, the control methodology can minimise the wheel slippage by controlling the wheel velocity.  
 
Furthermore, the slope traversability is examined.  The slope traversability analysis of the rover is based on 
two criteria, slope mobility limit and trafficability limit. The mobility limit and trafficability limit depend 
on the vehicle performance and the terrain parameters. Incorporating the trafficability and the mobility limit 
can help to achieve a better control algorithm to traverse a slope and also to avoid a large slip motion which 
may cause mission failures such as a stuck rover or a tip over. The slip control algorithm minimises this slip 
ratio  enabling  the  rover  to  traverse  over  obstacles  without  getting  stuck.  The  control  methodology  is 
validated through dynamics simulations.  
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Chapter 7 
 
 
7.  Conclusions and Future work 
 
The wheeled mobile robots (Rovers) are one of the important tools for planetary exploration missions. The 
rover increases the exploration area and thus expands the scientific return from the mission. These planetary 
exploration  rovers  are  expected  to  travel  long  distances  and  perform  complex  tasks  in  order  to  fulfil 
challenging mission goals. Due to the challenging terrain, the wheel of the rover slips on sandy soil and can 
get  stuck.  Therefore,  the  wheel-terrain  traction  model  plays  an  important  role  to  predict  the  tractive 
performance in the planetary exploration rovers. 
 
The wheel-terrain traction model for rigid wheels have been extensively studied, developed and operated in 
the past and important theories have been established and validated through simulations and experiments.  
However, there are still many unsolved problems which need to be addressed. To address these problems a 
rigid wheel traction model (RTM) is developed and presented in this study. 
 
Reducing the wheel sinkage is the major part of achieving an optimal tractive performance for the wheels 
of the rover. This can be attained by using metal flexible wheels which can provide an optimal tractive 
performance. 
 
In this study, the flexible wheel traction model (FTM) is proposed to predict the tractive performance for 
the metal flexible wheels.  Subsequently, the analysis of soil sinkage, motion resistance, drawbar pull and 
the overall performance of the flexible wheel are discussed. 
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For wheeled rough terrain rovers, the motion optimisation is  related to minimising slip. Minimising wheel 
slip not only limits odometric error but also increases the robot's climbing performance. In addition, a slip 
control methodology is necessary to predict and minimise slip. The slippage dynamically depends on the 
posture/velocity of the vehicle, soil characteristics, and wheel-soil interactions. A slip control algorithm is 
proposed to show that how the traction control models (RTM & FTM) can be used to predict and minimise 
the slippage. 
 
7.1. Conclusions 
 
FTM is developed to predict the wheel-soil interaction performance of the metal flexible wheel. This fills 
the gap in the theory. RTM and FTM which are developed in this study are able to describe the behaviour 
of the dynamic sinkage and the slip compaction resistance at high slip ratios. This addressed the issues with 
the classic views that cannot explain these behaviours. The FTM and RTM results are also describe the 
behaviour  of  drawbar  pull  at  high  slip  ratios  unlike  the  classic  theory.  The  slip  control  algorithm  is 
developed in this research in order to use RTM and FTM to minimise the slippage. The main contributions 
of this study are explained in section 7.2.  A summary of the conducted work and the chapters of this thesis 
are included in the following. 
 
Chapter 1 gives an overview of the concept of analytical models for mobile planetary exploration rovers. 
This chapter provides an insight into what has been done by other robotic researchers in order to study the 
soil-wheel  interaction.  The  problems  of  the  wheel-terrain  traction  models  have  been  explained  in  this 
chapter. 
 
Chapter 2 discusses the fundamental characteristic of soil mechanics which relates to wheel-soil interaction. 
The concept of these relationships, such as soil shear strength, soil passive pressure, normal stress and 
sinkage have been used in the development of the wheel-soil interaction models.  
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Chapter 3 studies the rigid wheel model to predict the tractive performance of the rigid wheels. This chapter 
also addresses the unsolved problems of the rigid wheel-soil interaction, which includes the slip (dynamic) 
sinkage, adhesion height and slip compaction resistance. The rigid wheel-soil interaction model (RTM) is 
developed in this chapter to solve the problems. The proposed dynamic sinkage model is able to derive the 
slip sinkage for both smooth and grouser wheels and also is able to explain the behaviour of sinkage at high 
slip ratios. The additional compaction resistance model is able to derive the slip resistance and explain the 
additional slip resistance at high slip ratios. The proposed model closely matches experimental data. 
 
Chapter 4 discusses the new model to predict the tractive performance for the metal flexible wheels. The 
flexible  wheel-soil  traction  model  (FTM)  is  proposed  by  using  the  geometric  model  of  the  wheel  in 
deformation. The proposed model characterises the tractive capability of flexible metal wheels operating in 
sandy surface conditions.  Increasing the length of the contact patch between the wheel and the ground 
provides an increase in the tractive performance. The flexible wheel provides a larger contact patch due to 
the  deformation  of  the loaded  wheel.  The  proposed  analytical  model  illustrates  that  by  increasing  the 
contact area between the flexible wheel and terrain, sinkage and compaction resistance are reduced and as a 
result the tractive force is improved. 
 
The proposed model also addresses the problems of interaction between the flexible wheel and sandy 
surface which include the slip (dynamic) sinkage, an additional slip compaction resistance. 
 
Chapter 5 details the validation of the proposed rigid wheel-soil traction and flexible wheel-soil traction 
models.  The  models  have  gone  through  several  stages  of  validation,  with  regards  to  measurements 
conducted  on  single  wheels  and  on  complete  vehicles  under controlled  conditions in a  testbed  and in 
simulation  software.  The  results  of  the  proposed  flexible  wheel-soil  traction  model  closely  match 
experimental results in the single wheel testbed.  Principal innovations in RTM model indicate a non-linear 
description  of  wheel  slip-sinkage  as  a  function  of  slip  and  an  additional  compaction  resistance  as  a 
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Chapter  6  presents  the  slippage  control  algorithm  for  the  slope  traversing  situation  by  employing  the 
proposed traction models to adjust the slippage. The algorithm calculates the normal force equilibriums and 
the wheel tractive forces according to RTM and FTM models. A slip controller is proposed based on 
estimation of the slip ratio. The slip control algorithm predicts and minimises this slip ratio, so the rover 
can traverse over obstacles without being stuck. The control methodology is validated through dynamics 
simulation. Slope mobility limit and trafficability limit are also analyzed in this chapter. Moreover, the 
trafficability and the mobility limit can help to find a better control algorithm to traverse a slope and also to 
avoid a large slip motion which may cause mission failures such as a stuck rover or a tip over. 
 
7.2. Contributions to the state of the art 
 
The main contributions of this study are summarized as follows: 
 
•  A new analytical model is developed to predict the tractive performance of metal flexible 
wheels. This model is based on the ground pressure distribution in the contact area of the 
flexible wheel, the wheel deformation and changing shape during operation. A very close 
comparison  has  been  demonstrated  between  experimental  results  and  the  proposed 
analytical model. 
 
•  A new analytical model is developed to derive the dynamic sinkage for both smooth and 
grouser wheels. This model takes into account the soil shear displacement and the volume 
of soil lying beneath the contact area of the wheel to calculate the slip sinkage. This model 
is developed for both the rigid and the flexible wheels. A very close comparison has been 
demonstrated between experimental results and the proposed analytical model. 
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•  A new analytical model is developed to derive the slip compaction resistance. This model 
closely matches the experimental results of the compaction resistance at high slip ratios 
that are typically reported in the literature.  
 
•  A demonstration of a control architecture based on the rigid wheel traction model (RTM) 
and the flexible traction model (FTM) has been proposed to predict and minimise slip so 
the rover can traverse over sandy slope. 
 
7.3. Publications  
 
Journals: 
 
FAVAEDI. Y., PECHEV, A., SCHARRINGHAUSEN, M. & RICHTER, L., (2011). “Prediction of tractive 
performance for flexible wheels with application to planetary rovers”, Accepted to appear in Journal of 
Terramechanics. 
 
Conferences: 
 
FAVAEDI, Y. ELLERY, A., (2006). “3D Simulations  Evaluation for Exo-Mars rover”, Proceedings of the 
7
th Conference Towards Autonomous Robotic System, Guildford, England, pp. 48-55. 
 
FAVAEDI, Y. & PECHEV, A., (2008a). “Development of automated traction control system for flexible 
wheels with application to Mars exploration rovers”, Proceedings of the 16
th International Conference 
of the ISTVS, Torino, Italy, pp. 298-309. 
 
FAVAEDI, Y. & PECHEV, A., (2008b). “Development of tractive performance prediction for flexible 
wheel”, 10
th ESA Workshop on Advanced Space Technologies for Robotics and Automation. Noordwijk, 
Netherlands. 
 
7.4. Future work 
 
This research has identified several possible directions to be addressed in future works. 
 
In this study, the terrain was assumed to be homogeneous and the soil parameters were estimated by a 
database. However, in a real situation, these assumptions are not valid. Therefore, on-line determination of 
these parameters is required for the analysis of the mobility of the rover. In addition, identification of     Conclusions and Future work 
----------------------------------------------------------------------------------------------------------------------- 
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terrain characteristics is necessary for the path-planning task. Applying soil measurement devices could be 
considered in practical situation.  Furthermore, the pressure-sinkage equation is valued while the terrain is 
homogenous. The relationship of these parameters in non homogeneous terrain is a fundamental issue and 
essential to improve the predication of the wheel-soil traction model.  
 
Wheel translational velocity has an influence on motion resistance which is not modelled in the classical 
terramechanical theories. Modelling wheel velocity in wheel-soil interaction models can have a significant 
contribution towards improving the prediction of the tractive effort. 
 
Developing a traction control methodology for the path planning task is essential for the flexible wheels. 
Following an arbitrary path on loose soil becomes a difficult task for the rover, since the wheel of the rover 
will easily slip. To cope with the slip issue, a path following control strategy is necessary along with 
applying wheel-soil interaction models in this work. The control strategy must be based on a feedback 
control and both steering and driving manoeuvres of rover should be taken to account. As a result, the slip 
can be compensated and the rover can follow an arbitrary path. This control methodology should be able to 
control motion of rover in both driving and breaking stage. 
 
Developing a path-planning algorithm is the other necessary task. The path planning algorithm must be 
based on dynamics simulation results in which the rover can control to follow a candidate path. Also the 
rover must be able to evaluate the candidate path based on the dynamics results. It is needed to improve the 
path searching method in order to derive a candidate path more efficiently and quickly. 
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